MEMS ACCELEROMETERS AND GYROSCOPES
FOR
INERTIAL MEASUREMENT UNITS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MEHMET AKIF ERISMIS

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

SEPTEMBER 2004



Approval of Graduate School of Natural and Applied Science.

Prof. Dr. Canan OZGEN

Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of

Master of Science.

Prof. Dr. Miibeccel DEMIREKLER
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully

adequate, in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Tayfun AKIN

Supervisor

Examining Committee Members:

Prof. Dr. Cengiz BESIKCI (METU, EEE)
Prof. Dr. Tayfun AKIN (METU, EEE)
Prof. Dr. Aydan ERKMEN (METU, EEE)
Instructor Dr. Haluk KULAH (METU, EEE)

Dr. Volkan NALBANTOGLU (ASELSAN)




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare that,
as required by these rules and conduct, I have fully cited and referenced all material

and results that are not original to this work.

Mehmet Akif ERISMIS

il



ABSTRACT

MEMS ACCELEROMETERS AND GYROSCOPES FOR
INERTIAL MEASUREMENT UNITS

Erismis, Mehmet Akif
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Tayfun Akin

September 2004, 137 pages

This thesis reports the development of micromachined accelerometers and
gyroscopes that can be used for micromachined inertial measurement units (IMUs).
Micromachined IMUs started to appear in the market in the past decade as low cost,
moderate performance alternative in many inertial applications including military,
industrial, medical, and consumer applications. In the framework of this thesis, a
number of accelerometers and gyroscopes have been developed in three different
fabrication processes, and the operation of these fabricated devices is verified with
extensive tests. In addition, the fabricated accelerometers were combined with
external readout electronics to obtain hybrid accelerometer systems, which were

tested in industrial test facilities.

The accelerometers and gyroscopes are designed and optimized using the MATLAB
analytical simulator and COVENTORWARE finite element simulation tool. First set
of devices is fabricated using a commercial foundry process called SOIMUMPs,

while the second set of devices is fabricated using the electroplating processes

v



developed at METU-MET facilities. The third set of devices is designed for a new

advanced process based on DRIE, which is under development.

Mechanical and electrical test results of the fabricated accelerometers and
gyroscopes are in close agreement with the designed values. The testing of the SOI
and nickel accelerometers is also performed in industrial test environments. In order
to perform these tests, accelerometers are hybrid connected to commercially
available capacitive readout circuits. These accelerometer systems require only two
DC supply voltages for operation and provide an analog output voltage related to the
input acceleration. The industrial tests show that the SOI accelerometer system
yields a 799 pg/\Hz average noise floor, a 1.8 mg/VHz peak noise floor, a 22.2 mV/g
sensitivity, and a 0.1 % nonlinearity, while the nickel accelerometer system yields a
228 ug/VHz average noise floor, a 375 pg/NHz peak noise floor, a 1.02 V/g
sensitivity, and a 0.23 % nonlinearity. Long-term drift components of the
accelerometers are determined to be smaller than 20 mg. These systems are the
highest performance micromachined accelerometer systems developed in Turkey,

and they can be used in implementation of a national inertial measurement unit.

Keywords: Accelerometer, Gyroscope, Inertial Measurement Unit, Micro-Electro-

Mechanical Systems (MEMS), and micromachined inertial devices.
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ATALETSEL OLCUM BiRiMI iCIN MEMS
IVMEOLCERLER VE DONUOLCERLER

Erismis, Mehmet Akif
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Tayfun Akin

Eyliil 2004, 137 sayfa

Bu tez ataletsel 6l¢iim biriminde (IMU) kullanilabilecek mikroislenmis ivmedlgerler
ve doniidlgerler gelistirilmesini rapor etmektedir. Mikroislenmis IMU’lar,
endiistriyel, medikal ve tiiketici uygulamalarinda, diisiik maliyetli ve yiiksek
performansli alternatifler olarak kullanilmaya baslanmistir.  Bu tez calismasi
kapsaminda ¢ok sayida ivmedlger ve doniidlger ii¢ farkl {iretim siireci kullanilarak
gelistirilmis, ayrica yapilan cesitli testlerle iirlinlerin istenilen sekilde c¢alistiklar
gosterilmistir. Buna ek olarak, tez kapsaminda iiretilmis olan ivmedlgerler, dis
okuma devreleri ile birlestirilerek hibrit ivmedlger sistemleri tasarlanmis ve bu

sistemler endiistriyel test alanlarinda test edilmistir.

Ivmeslcerler ve doniidlcerler MATLAB analitik simiilator ve COVENTORWARE
sonlu eleman simiilatorii ile tasarlanmis ve en iyilenmistir. ilk grup diriinler
SOIMUMPs adli ticari bir iiretim siireci ile iiretilirken, ikinci grup triinler METU-
MET tesislerinde gelistirilen elektrokaplama ydntemi ile iiretilmistir. Uciincii grup
tiriinler halen gelistirilmekte olan DRIE bazli yeni ve gelismis bir iirlin siireci i¢in

tasarlanmustir.
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Uretilen ivmedlgerler ile doniidlgerlerin mekanik ve elektriksel test sonuglari
tasarlanan degerlere ¢ok yakin c¢ikmustir. SOI ve nikel ivmedlgerlerin testleri
endiistriyel ortamlarda da gerceklestirilmistir. Bu testleri gerceklestiribilmek igin
ivmedlcerler, endiistriyel bir kapasitif okuma devrelerine hibrit baglanmigtir. Bu
ivmedlger sistemleri sadece iki DC voltaj kaynagi ile beslenmekte ve Olgiilen
ivmeyle orantili analog voltaj ¢ikis1 vermektedir. Endiistriyel testler, SOI ivmedlcer
sisteminin 799 ug/\/Hz ortalama giiriiltii seviyesi, 1.8 mg/\/Hz tepe giiriiltii seviyesi,
22.2 mV/g orant1 katsayisi, ve % 0.1 orant1 katsayis1 hatasi oldugunu ve nikel
ivmedlger sisteminin 228 pg/\VHz ortalama giiriiltii seviyesi, 375 pg/\NHz tepe giiriiltii
seviyesi, 1.02 V/g oranti katsayisi, % 0.23 orant1 katsayis: hatasi oldugunu
gostermistir.  Uzun siireli sabit kayma ile agis-kapanis sabit kayma degerlerinin
20 mg’den kiiciik oldugu bulunmustur. Bu sistemler Tiirkiye’de tiretilen en yiiksek
performansli mikroiglenmis ivmedlger sistemleri olup, ulusal ataletsel 6lglim birimi

gelistirilmesinde kullanilabilirler.

Anahtar Kelime: Ivmedlcer, Jiroskop, Ataletsel Olgiim Birimi, Mikroelektromekanik

Sistemler (MEMS) ve mikroislenmis ataletsel sensorler.
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CHAPTER 1

INTRODUCTION

Tracking the position of an object is an important engineering problem that finds
many application areas including military, industrial, medical, and consumer
applications. This problem is effectively solved with an Inertial Measurement Unit
(IMU). An IMU consists of three orthogonally placed accelerometers and
gyroscopes, and these sensors find the linear acceleration and angular velocity of the
object that it is mounted on. Knowing linear acceleration and angular velocity in
three dimensions is enough to track the motion of the system with the help of

additional mathematical operations [1].

MEMS inertial sensors, accelerometers and gyroscopes, started to appear in the
market due to their low cost, small size, low power consumption, and promising
performances. Although these sensors initially fit for applications where cost and
size are more important than performance, currently their performances satisfy and

even extend beyond the limits of conventional sensing systems.

Performance requirements of inertial sensors vary for different applications. Table
1-1 shows the range and bias requirements for the gyroscopes, Figure 1.1 shows the
bandwidth-resolution performance requirements of the accelerometers for different

applications, and Figure 1.2 shows the cost-bias instability performances of IMUs.



In general, the highest performance is required for military applications. Military
navigation is the main application that pushes the development of higher
performance inertial sensors. Global Positioning System (GPS), which is developed
initially for military applications to track an object’s position with high accuracy,
combines the high performance IMUs, precision time references, radio
communications, and spaceborne satellite network to achieve a precise track of
motion [1-2]. The performances of the IMUs for military applications should be
superior compared to the ones used for other applications. The drift values should be
less then 0.1 deg/hour for the gyroscopes and in the order of few pg for
accelerometers to be used in navigation applications [3-5]. The fiber-optic
gyroscopes are used for these applications, but their fabrication is rather complicated
[4-6]. On the other hand, the performances of micromachined accelerometers and
gyroscopes are not far beyond the optical inertial sensors due to advances in

micromachining technologies in the past decade [7].

Industrial applications require inertial sensors for testing and conditioning purposes.
For example, accelerometers are placed into the shipping containers for monitoring
the magnitudes of the shocks applied to the container during the transportation. This
way, the customer or the shipping service is able to check whether the container is
handled properly or not [1, 8-9]. In another application, accelerometers are put into
computer hard drives for detecting the external shock. Due to the fact that high
shock values may cause damage to the read/write head of the device, the
accelerometer may suspend the operation of the drive when there is excessive
external shock [1, 10]. In these applications, the performance of these sensors is not
as critical as those used for military applications, but here, the cost of the sensors
should be reasonably low. Therefore, micromachined inertial sensors are highly
preferred in these applications for their low cost, low power consumption, and high

reliability as well as satisfactory performance.



Table 1-1: Range and bias stability requirements for gyroscopes for different
applications. [3-4].

Application Area Uses Range Bias Stability
Aircraft
Navigation Spacecgﬁate”“e 200 deg/sec 0.01-0.1 deg/hr

Cruise Missile

Air-to-surface

Tactile Missiles Air-to-land 200 deg/sec 0.1-100 deg/hour
Air-to-surface
Navigation
Automotive Airbags 100 deg/sec 0.001-1 deg/sec
ABS/TCS
Active suspension
Medical and Microsurgery
Consumer Camcorders 10-100 deg/sec 0.1 deg/sec
electronics Robotics
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Figure 1.1: The application areas for accelerometers and the bandwidth-resolution
performances of the accelerometers for these applications [5, 11].
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Figure 1.2: Cost-bias instability performances of IMUs, [12].

The medical applications use inertial sensors and IMUs for monitoring the physical
body activities such as absolute position of the leg segments or heart monitoring [1,
13-14]. Similar to the industrial applications, in this area, the performance of the
sensors is not as critical as those used for military application, but power
consumption and small volume are more important. Hence, low cost micromachined

inertial sensors started to appear in this application area.

The consumer applications include the automotive applications, entertainment
applications, and consumer navigation applications. In the automotive industry, the
MEMS accelerometers are widely used in airbag systems after the Analog Devices’
ADXL accelerometer series [15-16]. Moreover, Anti-skid Braking Systems (ABS)
requires inertial rate sensors [17]. In entertainment sector, accelerometers and
gyroscopes are widely used in video cameras or joysticks for control and stability
purposes. Moreover there is a research going on virtual reality sector in which the
inertial sensors will be widely used. In consumer navigation applications, low-cost
IMUs with relatively lower performance are used in detecting the position of an
object [1]. In all these applications, small sensor volume is the key factor which can

be satisfied by using micromachined inertial sensors.



Table 1-2 gives the comparison of the applications and the priority of IMU properties

for these applications.

Table 1-2: Comparison of the applications and the priority of IMU properties for
these applications.

PerfI(;I;;gI:lance Low Cost Plggvvé’r Reﬁlz:tg):llity Small Size
Military v v
Industrial v v v
Medical v v v
Consumer v v v v

This study includes the design and fabrication of various accelerometers and
gyroscopes for low-cost IMUs to be used for some military and consumer
applications. An accelerometer topology previously developed at METU-MEMS
research group [11] is adapted for three different processes in order to improve
overall performance. In addition symmetric and decoupled gyroscope structure [3] is
modified for lowering the DC polarization voltages necessary for the operation of the
gyroscope. The sensors are first modeled using MATLAB and COVENTORWARE
in order to estimate their performances, and then layouts are drawn for three different
processes. After the layouts, sensors are fabricated in two processes at METU-MET
facilities. Following the fabrication, resonance frequencies and capacitance values
for each accelerometer and gyroscope are measured. After the initial measurements,
two accelerometer samples are connected to readout circuitries to form two hybrid
accelerometer systems. These hybrid systems are tested in TUBITAK-SAGE and
ASELSAN facilities.

This chapter provides a brief review of MEMS accelerometers and gyroscopes.
Section 1.1 explains the basic operation of accelerometers and gyroscopes.
Section 1.2 presents the accelerometer and gyroscope types and gives high
performance capacitive accelerometer and gyroscope examples. Section 1.3 provides

the objective of this study and the organization of the thesis.




1.1 Basic Operation Principles of Accelerometers and Gyroscopes

An accelerometer is a sensor that senses external acceleration. To extract the
acceleration value, the sensor has a movable proof mass which is connected to a
fixed frame via spring structures. When there is an external acceleration, the proof
mass is displaced from its rest position. The magnitude of this displacement is
proportional to the magnitude of the acceleration and inversely proportional to the
stiffness of the spring structures. Hence, the acceleration input that is applied to the
sensor is converted to the proof mass displacement in the sensor. The sensor then
extracts the magnitude of this displacement using its sensing scheme. The
accelerometers are characterized wusing their sensing schemes, and this
characterization is explained in the next section. A detailed operation principle of

the accelerometer is given in Chapter 2.

A gyroscope is a sensor that senses external angular velocity. The similarity of the
operation principle of the gyroscope with that of the accelerometer is that, the
gyroscope converts the angular velocity input to displacement of its proof mass. For
this purpose the gyroscope uses the Coriolis acceleration principle [1, 3, 6]. First the
proof mass of the gyroscope is vibrated in one axis, and then when there is an
external angular velocity, the proof mass starts vibrating in another axis due to
Coriolis acceleration principle. The second vibration magnitude is proportional to
the angular velocity input magnitude. Hence, the sensing scheme of the gyroscope
extracts the magnitude of the input angular velocity with extracting the magnitude of
the secondary vibration. A detailed operation principle of the gyroscope is also

provided in Chapter 2.



1.2 Classification of MEMS Accelerometers and Gyroscopes

MEMS accelerometers and gyroscopes can be mainly classified into eight groups

according to their sensing mechanisms:

e Capacitive

e Optical

e Piczoresistive

e Piezoelectric

e Thermal

e Tunneling current
e Resonant

e Magnetic

In capacitive accelerometers, the proof mass displacement is detected with the
change in the capacitance between the proof mass and the sense electrodes. In
capacitive gyroscopes, the primary vibration is obtained using electrostatic forces
between the proof mass and the drive electrodes, and the proof mass displacement
due to secondary vibration is detected with the charge in the capacitance between the

proof mass and the sense electrodes similar to that of the capacitive accelerometers.

Capacitive sensors have important advantages compared to other types of inertial
sensors. They have simple structure and hence low fabrication cost. In addition,
they provide low power consumption, high sensitivity, and high reliability as well as
low nonlinearity, low temperature dependency, low noise, and low drift. DRIE,
LIGA and other advanced MEMS processes enable the fabrication of very high
aspect ratio structures which improves the sensitivity of the sensors [18-20]. Using
DRIE and high performance capacitive readout circuits, 1 pg/\/Hz resolution is
achieved in accelerometers [7], and 10.4°/hr/\Hz resolution is achieved for the

gyroscopes [18].



Capacitive sensors are widely preferred in consumer application due to their high
performance, reliability, and low cost. Analog Devices commercialized capacitive
accelerometers and also gyroscopes. ADXL series accelerometers available in the
market with different resolution and operation range choices. These sensors are
fabricated with surface micromachining with polysilicon as the structural layer
monolithically integrated with the readout electronics [21], and intended for
consumer applications. ADXRS series gyroscopes are also available in the market

for consumer applications.

Optical inertial sensors are rather difficult to fabricate but show high performances.
The major advantages for optical inertial sensors are that they are immune to
electromagnetic interference and they can operate at high temperatures. They show
high performances but fabrication of light emitting and sensing components using
micromachining techniques is not easy [11]. A 90 ug/\/Hz resolution optic
accelerometer is reported in the literature [22]. For the gyroscopes, fiber-optic
gyroscopes are the first replacements of the big mechanical gyroscopes. However,

they have a more complex fabrication compared to capacitive MEMS gyroscopes.

Piezoresistive sensing scheme is widely used in accelerometers [23-25]. However, to
use piezoresistive materials in gyroscopes, the gyroscope should be driven in its
primary mode with a different mechanism due to the fact that piozoresistive
materials cannot induce force due to its passive nature [26]. Sensors using
piezoresistive materials are easy to fabricate and they have simple readout circuitries.
However, their sensitivity is low [6], and their temperature dependency is high [11]
compared to capacitive sensors. Therefore, they are not preferred for high
performance applications. In the literature, piezoresistive accelerometer with
0.2 mg/NHz is reported [23]. There are also gyroscopes using different drive

mechanism such as piezoelectric or magnetic, and use piezoresistive sensing [27-28].



The operation of piezoelectric sensors requires an external stress similar to the
piezoresistive sensors. The sensitive material stores a charge on itself proportional to
this external stress. This charge-storage makes the sensor an active device,
theoretically providing it to generate its own power and provides low power sensor
design [11]. In addition to this, the fabrication of piezoelectric sensors is as easy as
piozoresistive sensors enabling low cost sensor realization. However, the main
disadvantage of the piezoelectric sensors is that they do not have a DC response due
to the fact that the charge stored on the piezoelectric material leaks away under a
constant stress [11]. Therefore, low frequency operation is not possible. This fact
makes it difficult to realize piezoelectric accelerometer since accelerometers are
generally used to sense low frequency accelerations. However for the gyroscopes,
the problem is not as critical as it for the accelerometers because the gyroscope
brings the input angular velocity input frequency to its drive mode resonance
frequency which is around a few kHz. Another disadvantage for the piezoelectric
sensors is the difficulty in readout electronics. The output resistance of the sensor is
high, hence it is difficult to get the signal out. There are piezoelectric accelerometer
examples in the literature [29-30] and also a commercial gyroscope example realized

by Murata Inc. [31].

There are also different sensing scheme studies for accelerometers such as thermal
sensing [32]. In this example the proof mass of the accelerometer is a hot air bubble
which is placed between two electrodes. When there is not any input acceleration, the
temperature difference between the electrodes is fixed. However, when an external
acceleration is applied, this bubble moves and changes the temperature difference
between the electrodes. Hence, the acceleration is converted to the temperature
difference. This temperature difference is sensed and acceleration is extracted.
Another type of accelerometer is resonant type accelerometer which directly finds
the applied force onto the proof mass [33]. The proof mass is vibrated in its natural
resonance frequency and the inertial force caused by external acceleration changes
the resonance frequency of the system. By finding the shift in the resonance
frequency, the magnitude of the acceleration can be extracted. A third type of

accelerometer is the tunneling current accelerometer, which has very low noise, has



wide bandwidth, and is highly sensitive. This type of accelerometer uses tunneling
current that occurs between two conductive layers located very close to each other.
The distance between these electrodes should be about 10 A to create a tunneling
current [11]. When there is an external acceleration, one of the conductive layers
moves, and changes the tunneling current. With this reading scheme very low noise
levels like 20 ng/\/Hz is achieved for accelerometers [34], but high drift values,
fabrication complexity, and high cost prevent tunneling accelerometers to be widely

used in the industry.

Magnetism is generally used to create the drive mode vibration of the gyroscopes
[35]. However, gyroscopes with electromagnetic drive and sensing schemes are also
reported [36]. But, the performance of these sensors is not as promising as the

capacitive ones.

In summary, there are a number of approaches to implement accelerometers and
gyroscopes, but the widely used one is the capacitive approach, as it is suitable for
MEMS fabrication techniques. Therefore, capacitive approach is used in this study

to implement various accelerometers and gyroscopes.

1.3 Objectives of the Study and the Organization of the Thesis

The objectives of this study can be summarized as below:

e The main objective of this study to construct an accelerometer system which
has satisfactory noise-floor/nonlinearity performance for IMUs to be used in
some military and consumer applications and is powered with only +12 DC
batteries. The system is to yield a voltage output proportional to the
externally applied accelerometer. The proposed system is composed of a
MEMS accelerometer, a capacitive readout circuit, the bias circuitry for this
capacitive readout circuit, and amplifier stages. Table 1-3 summarizes the

performance goals of this hybrid accelerometer system. Sensitivity and

10



nonlinearity requirements are provided by ASELSAN. Bias drift value goal
is appropriate for some control applications in especially consumer
applications, and noise floor goal is adequate for detecting acceleration inputs

for control applications for some military and consumer applications.

Table 1-3: The performance goals of the hybrid accelerometer system.

Parameter Performance Goals
Supply Voltage +12
Sensitivity 1V/g
Nonlinearity 1%
Noise Floor 500 pg/NHz
Bias Drift 20 mg

The second objective of this study is to achieve an improvement in the
symmetric and decoupled gyroscope developed previously by METU-MEMS
group [3] by lowering the DC polarization voltage and fabrication of this

improved gyroscope in three different fabrication processes.

The third objective is the optimization in design and fabrication area with
designing micromachined sensors for three different fabrication processes
and participation the fabrication steps of two of these processes. The
optimization in the fabrication area will improve the success rate of the future
designs of METU-MEMS group members, and also increase the

performances of these designs.

This thesis reports micromachined accelerometers and gyroscopes designed during

this research. Eight accelerometer and four gyroscope prototypes designs are

designed, simulated, fabricated, and tested in three different micromachining

technologies.
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Chapter 2 describes the theoretical background required for the design of MEMS
accelerometers and gyroscopes. Specifically, it explains some commonly used
mechanical definitions, spring constant derivation methods, Coriolis force definition,

and also accelerometer and gyroscope models.

Chapter 3 focuses the design and modeling of accelerometer and gyroscope
prototypes. First, it explains the important performance parameters for
accelerometers and gyroscopes. Next, it gives the design considerations for the
fabrication imperfections. Then, the chapter provides the details of accelerometer
and gyroscope designs with giving the topologies, MATLAB/COVENTORWARE
simulation results, and comparison of these results for these designs. Finally the

chapter gives the expected performance values of the designed sensors.

Chapter 4 gives the details of the three fabrication processes that are used to
implement the accelerometers and the gyroscopes in this study. The first process is
called SOIMUMPs and it is performed by a commercial MEMS foundry. The
second process is based on electroplating process developed by METU-MEMS
group. And the third process is based on DRIE etching. This process is currently
being developed at METU-MET for high performance accelerometers and

gyroscopes.

Chapter 5 provides the fabrication and test results. First, Scanning Electron
Microscope (SEM) and optical microscope pictures of the fabricated structures are
presented. Then, the chapter explains the tests performed on the accelerometer and
gyroscope samples. Next, it explains the hybrid accelerometer systems that are
constructed by connecting high performance SOIMUMPs and nickel electroplated
accelerometer samples to the commercially available MS3110 readout circuit.
Finally, the chapter gives the test results that are done to characterize the hybrid

systems.

Finally, Chapter 6 gives the conclusion of the thesis and suggests future studies to

improve MEMS accelerometer and gyroscope systems.
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CHAPTER 2

THEORETICAL BACKGROUND

This chapter presents the theoretical background on the design of capacitive MEMS
accelerometers and gyroscopes. Section 2.1 gives the definitions of some commonly
used mechanical terms related with the accelerometer and gyroscope design. Section
2.2 explains the derivation of spring constants for variable spring shapes. Section 2.3
discusses the Coriolis force, which causes the secondary motion in the vibratory
gyroscopes. Section 2.4 explains the basic accelerometer and gyroscope model.
Section 2.5 explains different capacitive sensing and actuating topologies used in
accelerometers and gyroscopes. Finally, Section 2.6 gives the summary of the whole

chapter.

2.1 Definitions of Some Commonly Used Mechanical Terms

The design of accelerometers or gyroscopes needs strong background in both
electrical and mechanical area. For the mechanical side, the designer should be
familiar with some common mechanical terms like stress, strain, elasticity [3]. In
this section, the definitions of these terms are given. Some mechanical terms like
Poisson’s ratio are also mentioned for the sake of completeness although it is not

directly related with the mechanical design.
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Stress is the defined as the force per unit area acting on the surface of a differential
volume element of a solid body [26]. The stresses that are caused by forces
perpendicular to differential face is called normal stresses and the stress caused by
forces along the face is called shear stresses [26]. Normal stress is generally denoted
by o, and shear stress is generally denoted by t. Equation 2.1 shows the basic

formulation of stress where F is the applied force and A is the cross sectional area

[37].
o= g (N/m?) (2.1)

The stress can either be compressive or tensile depending on the direction of the
force acting on the differential face [38]. This fact is mostly important in fabrication

issues whether the fabricated structure will deform or not after a release operation.

Another important mechanical term is the Strain, which can be defined as the
deformation resulting from a stress, and measured as the ratio of deformation to the
total dimension of the body in which the deformation is occurred. The deformation
depends on the direction of the applied force. The compressive force causes the
body to be shortened and the tensile force causes the body to be stretched [3]. The

normal strain is denoted by € and formulated as:
o
7 (2.2)

where 0 is the amount of deformation and L is the original dimension. Shear strain is

denoted by v.
Figure 2.1 shows the Stress-Strain relationship of a general material. In a MEMS

design, designers try to stay in the linear region of this graph where the strain values

are relatively small. In this linear region, another mechanical property of the

14



materials can be defined as Young’s Modulus which is the proportionality constant in

this linear region and can be expressed as:

(2.3)

E=2 (N/m?
&

where E denotes Young’s Modulus [37].
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Figure 2.1: Stress-Strain relationship of a general material [26].
In real life, if there is deformation in one direction due to a stress source, there will
If a beam is squeezed so that its length is

be deformations in other directions.

shortened, than the width of the beam widens. From this fact, another mechanical
term 1s defined. Poisson’s Ratio is the ratio of lateral strain to axial strain and is

generally denoted by v [37].

15



Moment of Inertia is also an important term in MEMS design. Moment of inertia of
an area with respect to an axis is the sum of the products obtained by multiplying the
infinitesimal area elements by the distance of this element from the axis. Moment of

inertia is denoted by ‘I’ and can be expressed as:
= j y2dA (2.4)

where dA is the infinitesimal area element and y is the distance of this area element

to the origin of interest.

2.2 Derivation of Spring Constant for Variable Spring Shapes

In MEMS accelerometers and gyroscopes, spring constants play an important role in
determining the performances of the sensors. The performance of the sensors is
related with the easiness in the movement of the proof mass in certain directions and
also with the difficulty in the movement of the proof mass in some other directions.
Hence, determining the spring constants in all directions is an important design step.

In this chapter, spring constant calculations in each three directions will be discussed.

Figure 2.2 shows a spring beam in its rest position. The spring constant in its relative
axis depends on how the beam is bended. If the beam bends in a way that the
parallelism of the fixed end and the free end is disturbed, it is called “Deflection of a
Cantilever Beam.” If the parallelism is preserved, then the condition is called

“Deflection of a Fixed-Guided End Beam.”

Deflection of a cantilever beam condition is the basic condition to be analyzed. The

spring constants for this condition along each direction are calculated as 3, 11, 38]:

Ehw . Ehw’ B Ewh’

= = 25
’ [ Yooo4r ©ooar 3)

16



where the direction index denotes the direction of the applied force which bends the
spring beam, E is the Young’s Modulus, h is the thickness, w is the width, and 1 is
the length of the beam.

z Anchor

Figure 2.2: A spring beam in its rest position.

The spring constant for fixed-guided end beam can be found by using the deflection
formulation similar to the cantilever beam condition [38]. Another way of
calculating the spring constant of fixed-guided end beam is to use parallel and series
spring constants. Figure 2.3 shows the resultant spring constant of parallel and series

connected springs.

Fixed-guided end beam deflection can be modeled as series connected of two half
length clamped beam springs. Figure 2.4 shows the series connection of two half
length clamped beam springs forming a fixed-guided end beam. From this

observation, the spring constant for a fixed-guided beam can be found as:



k =k/2=— = (2.6)

MASS MASS
k k k
Kres = k/2
k Kres = 2k

/177777777

Figure 2.3: Resultant spring constants for parallel and series springs.

Fixed-guided end beam

Half length clamped beam

Figure 2.4: Series connected half clamped beams forming a fixed-guided end beam.

Spring constants for various shape beams can be extracted similarly using parallel

series connection springs idea. Figure 2.5 shows different lateral beam structures

used in this study and calculated spring constants. First important note is that the

free ends of these beams move in a way that the parallelism of the free end with the

18



fixed end is preserved. This can be achieved by symmetrical beam allocations
around the proof mass. Another important note is the rigidity of the truss regions. If
the truss regions remain rigid when the beam deflects, we assume that all the sub-
beams forming the total beam are fixed-guided end beams keeping in mind that first
note condition is preserved. In this study, the truss region widths are designed to be
at least 4 times wider then the beam widths to preserve the rigidity of the truss
regions. In addition the beams are allocated symmetrically around the proof mass

not to disturb the parallelism of the free and fixed end of the beams.

Although the spring constant calculations for lateral beams can model the real beams
with a good accuracy, we cannot achieve a similar accuracy in z-axis beams. The
reason behind this fact is the rotation of the truss regions. While the beams in Figure
2.5 are deflected in z-axis, the truss regions tend to rotate although the rigidity is
preserved. Thus, the sub-beams have additional rotational spring constants. Due to
this fact, it is better to design the z-axis beams using FEM simulators or more

sophisticated spring constant extraction programs.

Kres= k/2 Truss
region

Free end

v VTN

b

—

A

kees= 2(k/2) = k

B Ehw?

k Iz

y

Figure 2.5: Different spring structures used in this study and calculated resultant
spring constants.
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2.3 Coriolis Force

Micromachined vibratory gyroscopes are based on the transfer of energy between
two vibratory modes of a structure caused by Coriolis acceleration [1, 6]. Coriolis

acceleration is a result of Newton’s law of motion applied to rotating frames [1].

Assume that an observer is swinging a pendulum on earth. The motion of the
pendulum is analogous the primary vibration of the gyroscope. Due to the fact that
the pendulum is making its vibratory motion on earth which is a rotating frame, the
observer standing on the earth sees the pendulum making an elliptical movement
instead of a single axis movement. This elliptical movement is due to the Coriolis
force that causes a secondary vibration perpendicular to the primary vibration.
However, for an observer outside the rotating frame, the earth, the pendulum is really
making a single axis vibration. Hence, Coriolis force is fictitious force acting on a
moving object in a rotating frame. In fact, the observer in the same rotating frame
rotates as the frame rotates and sees the pendulum as making an elliptical movement;
the pendulum just makes a single axis vibration [39]. This is the physical
explanation of the Coriolis force. Figure 2.6 shows the coordinate system indicating
the directions of angular velocity, primary and secondary vibratory modes of a

gyroscope, with a tuning fork gyroscope structure [3].

The derivation of the Coriolis force expression is not simple. The Coriolis force is
basically the cross multiple of angular and linear velocity of the moving subject [39].

The exact expression is:

A, - 2[d—r x ij @7
dt

where 1 is the linear motion vector and w is the rotation vector. The derivation of the
Coriolis force expression can be found in calculus based physics books and in

different references [1, 3, 39].
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Figure 2.6: Coordinate system showing primary and secondary modes of a gyroscope
with a tuning fork gyroscope structure [3].

2.4 Accelerometer and Gyroscope Models

This chapter explains the basic accelerometer and gyroscope models. The
accelerometer can be modeled as a mass-spring-damper system where an external
acceleration causes the proof mass to deflect from its rest position. The gyroscope
can be modeled as a Coriolis acceleration sensing accelerometer. In the gyroscopes,
there is a primary mode vibrator to create Coriolis acceleration under an external

rotation.

2.4.1 Accelerometer Model

Figure 2.7 shows a general mass-spring-damper system. When there is an external
acceleration the proof mass tends to move in the opposite direction of the

acceleration due to Newton’s law of motion. The proof mass movement is
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determined by the beams that connect the proof mass to the fixed anchors and

damping of the system.
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Figure 2.7: Accelerometer mass-spring-damper model.

The analysis of the dynamic behavior of the model gives us a general understanding

of the accelerometer. The dynamic behavior can be extracted when we write the

equation of the motion:

F =ma =mx+bx+kx (2.8)

where “a” is the external acceleration and “x” is the relative motion of the proof mass

with respect to the base, i.e., x=y-z. If we take the Laplace transform of Equation 2.8,
we get [40]:

ma(s) = ms> X (s) + bsX (s) + kX (s) (2.9)
X(s) 1
= 2.10
as) 2, bk >0
m m
and R L L @.11)
m b
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where wy is the resonance frequency of the accelerometer and Q is the quality factor.
The magnitude and phase response of the proof mass motion with respect to input

acceleration can be derived as:

|X(fw)| - : (2.12)
| a(]w)| \/(W 2 —w?)? +(M)2
' 0
ww,
AM =tan™ (#) (2.13)
a(jw) W, —w?

Figure 2.8 shows the plot of the magnitude of proof mass displacement under a
constant magnitude external acceleration versus acceleration frequency. The
accelerometer is operated in the linear region of this plot due to the fact that the
response is almost constant. The magnitude of the response in this linear region is
inversely proportional to the square of the resonance frequency of the accelerometer.
Hence, the mechanical resonance frequency is a very important parameter
determining the performance of the accelerometer. The length of this linear region is
called the effective bandwidth of the accelerometer. The effective bandwidth is also
an important design parameter, and it is mainly related to the resonance frequency of
the accelerometer. It should also be noted that, the definition of the effective
bandwidth requires a better explanation of the length of the linear region. The linear
region is not perfectly linear, but it shows a small response error. Figure 2.9 shows
the focused view of this linear response region and indicates the response error. The
effective bandwidth of the accelerometer is a design goal and the designer should
design the accelerometer properly to achieve reasonably small response errors in that

bandwidth.
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Figure 2.8: Accelerometer proof mass displacement under a constant amplitude
acceleration versus acceleration frequency.
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Figure 2.9: Focused view of the linear response region and the response error.
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The effective bandwidth of the accelerometer or the response error in a predefined
bandwidth is related to the resonance frequency and the quality factor of the system.
Table 2-1 shows the response error of the accelerometer for 100 Hz effective
bandwidth under different resonance frequency and quality factor values. The first
observation according to the data provided in Table 2-1 is that when the frequency of
the accelerometer increases for a fixed quality factor value, the response error
decreases. Hence, to achieve a wider effective bandwidth, one can choose a higher
resonance frequency. But, the resonance frequency of the accelerometer should be
as low as possible to get a higher response values in that linear range because the

proof mass displacement in that linear range is:

X == (m) (2.14)

Wo

Hence, to find an optimum value between resonance frequency and the effective
bandwidth is an important design issue. The second observation is, when the quality
factor is 0.7, which means that the system is critically damped, very small response
errors can be achieved with very small resonance frequencies [1, 41]. However,
when the quality factor is changed slightly from 0.7, the response error is increased
rapidly. The last important observation is the effect of higher quality factor values to
response error. When the quality factor value is larger than 2, the response error for
different resonance frequencies do not change significantly. To sum up above
observations, to achieve a small response error in a fixed effective bandwidth, the
design of the accelerometer can be done in two different ways. First way is to fix the
quality factor at 0.7 and then to use a very small resonance frequency. This can be
achieved with close loop configuration. The second way is to use a higher quality
factor and to set resonance frequency 20-25 times more than the required effective
bandwidth.
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Table 2-1: Response error of the accelerometer for 100 Hz accelerometer effective

bandwidth.
Accelerometer Resonance Response Error

Effective Quality Factor Frequency (Hz) (%)
Bandwidth (Hz)

100 0.5 500 4.00

100 0.5 2000 0.24

100 0.7 500 0.18

100 0.7 750 0.06

100 2 750 1.58

100 2 2000 0.23

100 2 2500 0.15

100 5 2000 0.26

100 5 2500 0.15

100 100 2000 0.26

100 100 2500 0.15

100 1000 2000 0.26

100 1000 2500 0.15

In the quality factor expression given in Equation 2.11, the parameter that the
designer has the least control is the damping factor, “b”. The damping factor value
of the accelerometer system depends on mainly air, structural, and thermal effects.
The air damping results from the internal friction of the moving gas in small
clearances between moving elements [42]. There are two main air damping effects
namely “Squeeze-film damping”, and “Coutte-flow damping”. In Squeeze-damping
effect, the air molecules are squeezed between two plates that are relatively moving
towards each other. In Coutte-flow damping, the friction is occurred between two
plates that are relatively moving parallel to each other. These to damping effects can
be modeled and mathematical expressions can be obtained [43-44]. But these
equations are obtained using some assumptions like having very large plates, hence
they cannot hold in finger or etch hole regions of the MEMS sensors. Some
sophisticated models for a better approach in solving this problem can be found in
the literature [45-46]. However, the exact air damping calculation for specific device
geometry is nearly impossible without using a FEM solver. Although an FEM solver
can give some values for air damping, we cannot say the similar thing for structural

damping. The structural damping is due to the energy loss in the structure of the

MEMS device. The value of this damping is highly process dependent because even
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the stiction of the anchor regions to the substrate is a source of this damping. The
final main damping effect is the thermal damping. The main reason for this effect is
the deviation of stress-strain relation with changing temperature [47]. It is very
difficult for the designer to achieve a certain quality factor value due to the fact that
each damping factor value extracted from the above sources is not accurate enough.
However, this uncertainty in the quality factor may not be a disadvantage for the
designer if he aims a quality factor value different than 0.7. From the observations
that are derived from Table 2-1, we already know that the quality factor value more
than 2 does not affect the response error significantly. Moreover, quality factor
values smaller than 0.7 also gives similar response errors with quality factor values
larger than 0.7. Hence, if the quality factor turns out to be different from what is
expected in the design period, the performance of the accelerometer is not affected

significantly.

The best way to achieve 0.7 quality factor is to use closed loop system [1]. In closed
loop accelerometer, the proof mass is kept in its rest position using a feedback
voltage proportional to the external acceleration [26]. Hence, the effects of air
damping are removed due to the fact that the proof mass movement is negligibly
small. So, the peak in the response plot of the accelerometer is suppressed, providing
a large linear range. However, there is a major disadvantage of the close loop system,
which is the complexity of the readout circuit. Although the highest performance
values for accelerometers are achieved with close loop topology [7, 48], the
accelerometers in this study are designed for open loop system because of the

complex readout circuitry problem of the close loop systems.

2.4.2. Gyroscope Model

Figure 2.10 shows the general structure of a gyroscope. Gyroscopes are angular rate
sensors, and for this purpose they use Coriolis acceleration. Due to this fact a
gyroscope should have a vibratory motion generator which is needed for the

generation of the Coriolis force which we call drive mode or primary mode of the
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gyroscope and an acceleration sensing part to sense resultant Coriolis acceleration

which we call sense mode or secondary mode.

Coriolis Force
caused by external Accelerometer
Actuator that rotation that senses
creates vibratory ::> Coriolis
motion acceleration
Gyroscope

Figure 2.10: General structure of a gyroscope. The gyroscope is composed of an
actuator part which creates the primary vibration, and an accelerometer part
which senses Coriolis acceleration due to external rotation.

As we know from the Coriolis force generation, the Coriolis force acts on the object
that makes the vibratory motion. Hence, in the gyroscope, the object that is making
the vibratory motion should be the proof mass of the Coriolis acceleration sensing
part. So, there is mechanical coupling between the vibratory motion, which is the
primary mode or drive mode, and the Coriolis acceleration, which is the secondary
mode or sense mode. Figure 2.11 shows three different coupling configurations of
the gyroscopes. In the first configuration, when the gyroscope is vibrated in the
drive mode, the sense mode also vibrates regardless of the external rotation, and
similarly the drive mode is affected from the sense mode vibration. In the second
configuration, the drive mode motion affects the sense mode directly, but the sense
mode motion cannot affect the drive mode motion. In the third mode, which is the
most advanced mode, the drive mode and sense mode are mechanically decoupled,
and they do not affect each other. In this study, the gyroscopes are designed in the

third configuration to achieve high performance gyroscopes.
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Figure 2.11: Different coupling modes of the gyroscopes. (a) shows the simplest
configuration where the drive mode and the sense mode affects each other
directly. (b) shows a more advanced configuration where the drive mode
motion cannot be affected by the sense mode because it has only 1 degree of
freedom (DOF) while it affects the sense mode. (c) shows the most advanced
configuration where drive and sense modes have only 1 DOF and they are
attached to each other with a 2 DOF proof mass [49].

Although the gyroscope has a Coriolis acceleration sensing accelerometer part, this
accelerometer part does not act as a standard accelerometer. Figure 2.12 shows three
different frequency choices of drive and sense mode of the gyroscope. The input
rotation that will be transformed into Coriolis acceleration in the drive mode is
carried to drive mode resonance frequency due to linear vibration of the drive mode.
Hence, when a DC input rotation signal is applied, the resultant Coriolis acceleration

will be a sinusoidal signal that has the frequency of the drive mode resonance
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frequency. Similarly, when a timely varying input rotation signal is applied, the
Coriolis acceleration frequency will be shifted according to the frequency of this
input rotation. Hence, the sense mode should be capable of detecting acceleration
inputs with the frequencies in the required bandwidth of the drive mode resonance
frequency. In the part (a) of Figure 2.12 the resonance frequency of the sense mode
is very large to achieve linear response for different Coriolis acceleration frequencies.
From the accelerometer bandwidth-linear response observations, it is concluded that
the sense mode resonance frequency of the gyroscope should be 20-25 times more
than the drive mode resonance frequency to have a linear response. But, this will be
a very inefficient solution because the signal levels at the output of the sense mode
will be very low due to very high resonance frequency of the sense mode considering
that the drive mode resonance frequencies of the gyroscopes are around few kHz. In
the part (b) of Figure 2.12 the resonance frequencies of the drive mode and the sense
mode of the gyroscope are designed to be mismatched, but their difference is not big
as part (a). The response error is compensated with external electronics which is
sensitive to Coriolis acceleration frequency. In the part (c) of Figure 2.12, the
resonance frequencies of the drive and sense mode are designed to be matched. In
this case, the magnitude of the Coriolis acceleration is multiplied with the quality
factor of the system and so is very large compared to part (b) but 3dB bandwidth of
the system is decreased. The response error is compensated with external electronics

similarly.

In this study, the gyroscopes are designed to have matched resonance frequencies.
But, due to fabrication errors that cannot be avoided, the gyroscopes will have
slightly mismatched resonance frequencies [39]. So, in the gyroscope designs, there
are also some control electrodes that can compensate this frequency mismatch. In
the designs, there are also some electrodes that are put to cancel quadrature error
which is due to misalignment of the drive mode axis with respect to sense mode axis

[50-51].
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Figure 2.12: Three different frequency choices of the gyroscopes. (a) does not need
any external circuit to compensate response error but this choice is not
practical due to very low output signals. (b) shows mismatched resonance
frequencies case and (c) shows matched resonance frequencies case. (c)
shows a larger response compared to (b) but (b) has a wider 3dB bandwidth.

The sensitivity of the gyroscope is related with the amount of sense electrode
vibration amplitude due to Coriolis acceleration. As in the accelerometer, we can say
that if the resonance frequency of the sense mode is lowered, the sensitivity of the
gyroscope also increases. However, especially in symmetric and decoupled topology
that is used in this study, the quality factor value is also another factor that directly
changes the sensitivity. The mathematical expression for the sense electrode

vibration amplitude is:

QOX .
_ Q drive (215)

Ysense - 79(
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where Xgive 18 the drive mode vibration amplitude, Q is the quality factor, Q is the
input rotation magnitude in rad/sec and f is the matched sense and drive mode

resonance frequency [26].

2.5 Different Capacitive Sensing and Actuating Topologies

MEMS capacitance configurations can be characterized into three parts. First one is
parallel plate capacitor configuration where the capacitance is formed between two
parallel plates, second one is transverse comb capacitance configuration, and the
third one is lateral comb capacitance configuration. First two configurations are used
generally in sensing elements, and the last configuration is generally used in
actuating schemes, due to its linear force-voltage relationship [52]. In this study, the
accelerometer and gyroscope sensing schemes are formed using transverse comb
configurations. Although lateral comb capacitance configuration gives a linear
force-voltage relationship, the gyroscope actuating schemes are also formed using
parallel plate configurations due to the requirements of the gyroscope topology. The
following sections explain the capacitor basics and capacitance configurations in

detail.

2.5.1 Capacitance Basics

Capacitance, sensitivity, electrostatic force, and electrostatic spring constant are the
main performance metrics for the performances of the capacitance configurations.

Table 2-2 shows the definitions of these performance metrics.
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Table 2-2: Definitions of performance metrics for capacitance configurations

A
Capacitance Ng i
e oC
Sensitivity —
Ox
1oC
Electrostatic Force ——?
2 Ox
2
Electrostatic Spring Constant 19 S 2
2 ox

where N is the number of capacitance plate pairs, A is the overlapping area, d is the

distance between the plates, and ¢ is the permittivity constant.

2.5.2 Parallel Plate Capacitance Configuration

Figure 2.13 shows the parallel plate configuration. In this configuration there are
two plates that are parallel to each other and the capacitance formed between these
plates changes when the distance between these plates changes. This configuration is
generally used to sense in the z-axis sensing schemes. Due to the possibility of large
capacitance areas, this configuration may result very high sensitivity, but the main
disadvantage of this configuration is the nonlinear force and sensitivity values, which
occurs with the movement of one of the plates towards the other [52]. Table 2-3

summarizes the performance metrics for parallel plate capacitance configuration.

Top Electrode

-->

Bottom Electrode

Figure 2.13: Parallel plate configuration.
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Table 2-3: Parallel plate capacitance configuration performance metrics.

Capacitance Ne—~
d—x
Sensitivity - Ne d—x)
Electrostatic Force Bl %Ng (d :4 x)? 2
. . A 2
Electrostatic Spring Constant (d- x)3

Another important parameter is the electrostatic spring constant. If the electrostatic
spring constant trying to pull two electrodes towards each other is greater than the
mechanical spring constant in that direction, “Pull-in” occurs. Analyses show that
pull-in occurs when the distance of the two electrodes become 2/3 of the original
distance. The voltage difference applied to the electrodes that causes pull-in is called

pull-in voltage and can be calculated as [26]:

8d°k,
it =\ EA” (2.16)

In this study, the actuator parts of the gyroscopes are designed using this idea.
Although this topology introduces nonlinear force-voltage characteristics, the
topologies of the gyroscopes required this method. However, the gyroscopes are not

vibrated in the z-axis; instead electrodes are placed laterally to create lateral force.

2.5.3 Transverse Comb Capacitance Configuration

Figure 2.14 shows the transverse comb capacitance configuration. In this
configuration there is a movable electrode between two stationary electrodes. Due to
this  differential topology, this configuration shows an almost linear

force-displacement and voltage-displacement relationship. In addition to linearity,
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this configuration gives a high sensitivity due to varying distance topology. The
nonlinearity comes from fringing field capacitances and this effect is reduced if high
aspect ratio fingers are used [52]. In this study, this method is used in the sensing

parts of the sensors due to linearity and sensitivity concerns.

(a) (b)

Figure 2.14: Transverse comb configuration: (a) before movement and (b) after
movement.

Electrostatic force and electrostatic spring constant calculations for this configuration
require a clear explanation of voltage sources applied to the electrodes. In this
configuration, the general connection is to apply 0 and Vto fixed electrodes and to
apply Vo/2 to the mid-electrode. The force occurs when the mid-electrode is not in
the mid-point of two stationary electrodes. In fact, if the fixed electrodes are all
applied with V, and the mod-electrode is applied with V(/2, the same force
expression can be found. In this study, the transverse comb capacitance
configuration with the second voltage source connection idea is used for frequency
tuning electrodes in the gyroscopes. Table 2-4 summarizes the performance metrics

of transverse comb capacitance configuration.
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Table 2-4: Transverse comb capacitance configuration performance metrics.

&A
Capacitance 2C, =2N ”)
C
Sensitivity ~_0
d
. Co o
Electrostatic Force ~2x e 14
e Co 1o
Electrostatic Spring Constant ~2—V
d

2.5.4 Lateral Comb Capacitance Configuration

Figure 2.15 shows the lateral comb capacitance configuration, and Table 2-5 gives
the performance metrics of this configuration. In this configuration the capacitance
forms between two combs looking each other. The change of the capacitance is
formed by the change of the distance of these combs. This configuration shows a
constant force-displacement characteristic, hence does not form an electrostatic
spring constant, but has a very poor sensitivity due to varying overlap area topology.
Due to this linearity and poor sensitivity this configuration is generally used in the
actuating parts of the sensors. However, in this study this topology is not preferred

in the drive ode of the gyroscopes due to the mechanical design of the gyroscopes.

(@) (b)

Figure 2.15: Lateral comb configuration: (a) before movement and (b) after
movement.
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Table 2-5: Lateral comb capacitance configuration performance metrics.

A
Capacitance N >
eh
Sensitivity N—
d
. eh
Electrostatic Force N ] 14
Electrostatic Spring Constant 0

2.6 Summary

This chapter presents the theoretical background on the design of MEMS capacitive
accelerometers and gyroscopes. The basic mechanical terms are introduced and
Coriolis force concept is discussed. The models for accelerometers and gyroscopes
are given, and some design parameters such as quality factor and bandwidth is
studied. Lastly, the capacitive reading and actuating topologies are investigated for

different performance indicators.
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CHAPTER 3

MEMS ACCELEROMETERS AND GYROSCOPES
DESIGN

This chapter gives the design details of MEMS accelerometers and gyroscopes.
Section 3.1 gives the important parameters that are considered as the design
challenges of the accelerometers, and Section 3.2 explains the important design
parameters and challenges for gyroscopes. Section 3.3 gives the details of designed
accelerometers and gyroscopes for three different processes with their estimated

performances. Finally, Section 3.4 gives the summary of this chapter.

3.1 Design Parameters and Challenges for MEMS Accelerometers

The most common MEMS accelerometer design parameters are resolution,
sensitivity (scale-factor), bandwidth, nonlinearity, bias drift, and scale factor
asymmetry. To achieve the required design parameters, the first thing the designer
should do is to choose a proper process. The process limitations directly affect the
performance of the sensors. Moreover, some parameters like nonlinearity, bias drift
and scale factor asymmetry cannot be estimated theoretically, because they are
almost totally process dependent. Hence, the choice of the process is an important

design issue. After choosing the process, the performance of the accelerometer can
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be optimized with a proper mechanical design and with using a proper readout circuit.

The design parameters of MEMS accelerometers are shortly explained below.

Resolution is defined as the noise floor of the accelerometer system. The noise
sources in accelerometer system come from both mechanical and electrical parts of
the system. The mechanical noise source is the Brownian noise [53], and is related
with the mass and quality factor of the accelerometer mechanical part [26]. The
electrical noise source is the readout electronics electronic noise. In today’s
accelerometers, due to high proof mass values, the mechanical noise floor is nearly
neglected compared to electrical noise, but with a proper electrical circuitry design,
electrical noise floor can be reduced significantly [7]. The unit of the resolution

is g/NHz or g in a fixed bandwidth where g is the earth gravity.

Sensitivity or scale-factor is the change in the response of the system to 1g
acceleration. The unit of sensitivity can be F/g if the mechanical part sensitivity is
considered only or V/g if mechanical part and readout circuitry is considered
together. The voltage sensitivity is not an indicator of the performance of the
accelerometer because with external amplifiers this sensitivity value can be arranged
to any value. However, the capacitance sensitivity mainly shows the performance of

the accelerometer mechanical part.

Bandwidth is the length of the frequency range that input signal frequency can vary.
While calculating the bandwidth of the accelerometer 3dB concept may not be used.
Instead, the maximum accelerometer response deviation with input acceleration
frequency change defines the bandwidth of the system. The bandwidth vales are

directly related to resonance frequency of the accelerometer.

Nonlinearity of the accelerometer is defined as the deviation of the accelerometer
response from the best fit curve for different magnitudes of acceleration signal in its
working range. Although the capacitive sensing topology may introduce nonlinearity,
especially parallel plate capacitive sensing topology, this nonlinearity is almost

insignificant compared to nonlinearity due to fabrication. The fabrication of the
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sense capacitances does not yield perfectly matched capacitances and this mismatch

causes nonlinearity.

Bias drift is defined as the maximum deviation of the accelerometer system output
with time for a fixed input acceleration signal. The exact reasons of bias drift is not
known very well but the reasons are believed to be the fabrication mismatches, the
hysterical behaviors of the springs, the change of the mechanical properties of the
material with different environment conditions, and the change of the performance of

the readout circuit with different environment conditions.

Scale factor asymmetry is another parameter that is directly related to fabrication.
The definition of the scale factor asymmetry is the percentage difference of scale

factor best fit values for negative and positive acceleration inputs.

Other design parameters, which also affect the performance of the accelerometers,
are temperature dependence of each other parameter, axis misalignment, cross-axis
nonlinearities, and high order nonlinearity constants. Considering all the design

parameters an accelerometer model can be constructed as [54]:

E,=K(K,+a,+K,a’ +Kya’ +Jya,+J,ay+K,aa,+K,aa, (3.1)
E, : Accelerometer output
a,,a,,a,: Acceleration inputs for each axis
K, : Bias
K, : Scale factor
K, : 2™ order nonlinearity
K, : 3" order nonlinearity
J,»J, : Misalignment

K, ,K, : Cross-axis nonlinearities

ip?
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In this study scale factor, bias, total nonlinearity, and resolution are considered as
design parameters. The misalignment in the axis is packaging related problem and is

not considered as a design parameter in this study.

Considering these design parameters, it can be concluded that a proper fabrication is
one of the main issues for high performance accelerometers. A proper fabrication
will significantly reduce undesired nonlinearities. Next important issue is the
readout circuitry because readout circuit plays an important role in the resolution of
the accelerometer. After choosing the process and the readout circuitry, the

mechanical designs can be realized.

3.2 Design Parameters and Challenges for MEMS Gyroscopes

The most common MEMS gyroscope design parameters are resolution, sensitivity
(scale factor), bandwidth, nonlinearity, and bias drift. The definitions of these

parameters are similar to accelerometer parameters with some minor distinctions.

The gyroscope design requires a good topology selection, a well arranged drive and
sense mode resonance frequencies, and a low noise readout circuitry. Due to the fact
that gyroscope topology requires the design of two different resonance modes, the
topology is more complex than the accelerometer topology. The complex topology
also introduces some unwanted resonance modes that causes cross axis sensitivity.
Hence the topology should be carefully designed and should be verified with FEM
simulators. Selecting the topology is also correlated to selecting the resonance
frequencies of drive and sense modes. From the bandwidth-sensitivity trade-off,
either the frequencies should be matched to achieve large sensitivity, or the
frequencies should be slightly mismatched to achieve a wider 3dB bandwidth. To
have matched resonance frequencies, the best solution is to have identical spring
structures and equal masses for these modes, to minimize fabrication errors and
frequency shift due to environmental condition changes. Hence in matched

resonance frequency gyroscope design, the topology should allow to have identical

41



spring structures and identical masses for drive and sense modes. The choice of the
resonance frequencies for these modes is also another design issue. Selecting a low
resonance frequency increases the sensitivity but also increases the effects of
unwanted environment accelerations. To sum up, designing the topology of the

gyroscope is one of the main design challenges that must be carefully handled.

The packaging issue is another design challenge for gyroscopes. In the matched
frequency case, the quality factor of the gyroscope directly includes in the sensitivity
expression. Hence, to achieve high sensitive gyroscopes the design should have a
high quality factor value. The most effective solution to achieve high quality factor

values is to have the sensor vacuum packaged.

The readout part is also very important to have a high performance gyroscope. The
front-end circuit element for the gyroscopes is generally unity gain buffers with low
input capacitances [55]. This buffer should be also very low noise to sense very
small output voltages. The second challenge in the gyroscope readout is the control
loops. These loops start up the drive mode, fix the drive voltage frequency to
resonance frequency of the drive mode, fix the drive mode vibration magnitude, and

cancel out the quadrature error [39].

3.3 Accelerometers and Gyroscopes Designed In This Study

This section explains the accelerometers and gyroscopes designed in this study.
Section 3.3.1 explains the accelerometer topology and gives the FEM simulations for
this topology. Section 3.3.2 explains the gyroscope topology and gives FEM
simulations for this topology. Section 3.3.3 gives the design considerations for three
different processes that are used in this study. Section 3.3.4 gives the performance

estimations for the designed accelerometers and gyroscopes.
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3.3.1 Accelerometer Topology

Figure 3.1 shows the topology of the designed accelerometer, which is a lateral
accelerometer. There are two symmetrical double-folded springs that connects the
suspended proof mass to the fixed anchor points. When there is an external
acceleration, the proof mass moves along the line passing through the anchor points
in the direction of opposite to the applied acceleration. This movement causes a
differential capacitance difference in the simplified transverse comb capacitance
sensing scheme. The external readout circuitry senses this differential capacitance

difference and gives a voltage output related to the acceleration input.

The springs and the proof mass are the main elements that determine the resonance
frequency of the accelerometer. The mass part is usually selected as big as the
process allows, to have more sense capacitance fingers. So, to achieve the desired
resonance frequency, the designer usually fixes the mass to its maximum value and
plays with the spring constants. The reasons for using folded springs in this study
are to achieve a low resonance frequency, hence a higher sensitivity, and also to
decrease the total stress under an external shock. In some designs double-folded
springs are used to realize even lower resonance frequencies and lower stress values,
while some accelerometers have conventional folded springs to achieve higher
resonance frequencies for wide bandwidth applications.  The mathematical

expression that gives the spring constant value for double-folded springs is:

k=—E (3.2)

where, E is the Young’s modulus, h is the height of the spring structure, w and 1 are
the width and length of each individual spring beams that forms the double-folded
spring structure, respectively. This value is half of the conventional folded spring
constant. Due to this fact, the resonance frequency of the accelerometer with the
same mass can be lowered with the ratio of +/2. The second reason to have folded

springs is the stress issue. When there is an external acceleration shock, the
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maximum movement will be amount of the sense finger spacing if we assume that
the rigidity of these fingers will not be deformed. Using stress expressions in [38],
the maximum stress occurred in the structure for a fixed movement, x, is calculated

as:
Stress, = 3E112x (3.3)

This total stress is divided equally between each spring beam forming the folded
spring structure. Hence the stress for each beam is reduced significantly. Table 3-1

shows comparison of stress formulation with the FEM simulation results.

Figure 3.2 shows transverse comb capacitance configuration and simplified
transverse comb capacitance configuration. The original configuration shows a
higher sensitivity compared with the simplified one, but the fabrication of original
one is rather difficult. Not only the rigidity of the small anchors is a problem, but
also the parasitic capacitances between proof mass fingers and the small anchors
cause undesired capacitance mismatch. Due to these facts, simplified transverse

comb structure is selected in this study.

44



Anchor Points <

Spring Structures <—

Proof Mass

Differential Sense Electrodes

Figure 3.1: The topology of the designed accelerometers, which is the lateral
accelerometer topology.

Table 3-1: The comparison of stress formulation with the FEM simulations. It is
seen that the formulation result shows very similar results with the simulation
results, and the stress value decreases with increasing folded beam legs.

Beam 1 (um) | Formulation Result Simulation Result
Clamped 400 82.5 MPA 86 MPA
Clamped 500 52.8 MPA 54 MPA

2Leg 500 26.4 MPA 27 MPA
8 Leg 500 6.6 MPA 6.4 MPA
Folded 8 Leg 700 3.4 MPA 3.3MPA
20 Leg 500 2.6 MPa 2.5MPa
20 Leg 700 1.3 MPa 1.4MPa
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L ]

(b)

Figure 3.2: Two different configurations that can be used in accelerometers: (a)
Transverse comb capacitive configuration, (b) simplified transverse comb
capacitance configuration.

The resonance modes of the accelerometer are found using CoventorWare FEM
simulator. The resonance modes are topology dependent, but the mechanical

properties and the dimensions of the sensor determine the frequencies of each mode.
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Figure 3.3 shows a FEM simulation result for determining the resonance modes of
the accelerometer topology. This simulation is important to estimate the cross
sensitivity of the accelerometer. The accelerometer should have only one resonance
mode ideally, which is its sensitive mode, but it has also some unwanted resonance
modes. When there is an external acceleration that causes the accelerometer to move
along its unwanted resonance mode, this movement should be as low as possible not
to create cross-axis sensitivity. To achieve that, the difference between resonance

frequencies of sensitive mode and the cross mode should be as high as possible.

(b)

Figure 3.3: FEM simulation results for determining the resonance modes of the
accelerometer topology: (a) the desired sensitivity mode, (b) the unwanted
cross mode.
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3.3.2 Gyroscope Topology

Figure 3.4 shows the topology of the designed gyroscope, which is a z-axis sensitive
gyroscope. The gyroscope is driven in the drive mode with two symmetrical drive
mode fingers. When there is an external rotation in the z-axis, the Coriolis
acceleration causes the proof mass to move also in the sense mode. The sense
electrodes also move in the sense mode and create a differential capacitance change
in the sense mode fingers. A low noise interface circuitry senses this differential

capacitance difference and turns this difference into voltage signal.

Drive mode fingers Sense mode

fingers
Sense mode
gedback fingers

Drive mode
Frequency tuning

fingers

Drive mode
motion sense
finge

Drive
electrode

Sense
electrod

Outer spring

Sense mode
fingers

Sense mode Inner spring

Figure 3.4: The topology of the designed gyroscope. The proof mass has 2DOF
(degree of freedom) while sense and drive mode electrodes have 1DOF.
Drive electrodes mechanically cannot move in the sense mode, and sense
electrodes mechanically cannot move in the drive mode due to the decoupled
mechanical design of the gyroscope.
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The gyroscope is a symmetrical and decoupled gyroscope to achieve a high
sensitivity [3]. Springs are all identical in shape in two modes and the drive mode
and the sense mode has the same mass values. This provides a symmetrical
operation. However, due to electrical spring constant difference in sense and drive
mode, and to cancel fabrication errors in resonance frequencies, drive mode has
some frequency tuning fingers. These fingers create an electrical spring constant in
the drive mode and may decrease the drive mode frequency in some range relative to
the applied DC voltage on them [56]. Hence, the drive mode resonance frequency is
designed to be a little more than the sense mode resonance frequency. The
decoupled operation of the gyroscope is provided by the inner and outer springs. The
outer springs connect the electrodes to the anchor points and the inner springs
connect the proof mass to the electrodes. Moreover, the springs are designed so that
the outer springs do not allow the sense electrode to move in the drive mode, and the
drive electrode to move in the sense mode. And the inner springs provides the proof

mass to have 2 degree of freedom. This provides the decoupled operation.

The quadrature error cancellation electrodes are to cancel the misaligned movement
of the proof mass. When the proof mass vibrates in the drive mode, it may have a
motion component in the sense mode due to fabrication errors. This motion
component of the proof mass causes sense mode electrodes to move. Hence, it
causes a differential capacitance difference in the sense mode electrodes and affects
the output. To cancel out this unwanted component, the quadrature error

cancellation electrodes apply proper electrostatic force to the proof mass [51].

The gyroscope has also sense mode feedback fingers. These fingers are designed to
create an analog feedback force to cancel out the sense mode motion [57]. Hence,
when there is an external rotation signal, the Coriolis acceleration forces the proof
mass to move in the sense mode. The inner springs force the sense electrode to
follow the motion of the proof mass in the sense axis. Then, the feedback fingers in
the sense mode give a proper electrostatic force to the sense electrode to cancel this
motion. Hence, the magnitude of the rotation signal is proportional to the magnitude

of the voltage signal applied to the feedback fingers.
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The resonance modes of the gyroscope topology are found using CoventorWare
FEM simulator. Figure 3.5-7 show the resonance modes of the gyroscope topology.
There are two designed modes which are drive mode and the sense mode. The
resonance frequencies of these modes should be very similar to each other with drive
mode resonance frequency being slightly larger. It can be seen that when the
gyroscope is moving in one mode, the electrode of the other mode does not move.
This is due to decoupled operation. The third mode is the unwanted cross mode.
This mode is a z-axis resonance mode and directly related to the height of the sensor.
Hence, this mode resonance frequency may be larger or lower than the drive and
sense mode resonance frequency due to different processes providing different

sensor heights.

Drive mode fingers have parallel plate capacitance topology. When this topology is
used in the actuators, nonlinear force-displacement characteristics occur. However
this nonlinearity can be negligible if the maximum drive mode displacement is very
small compared to drive mode finger spacing. Due to this fact, drive mode finger
spacing is the biggest spacing in the topology. The frequency tuning fingers are
designed as transverse comb capacitance configuration with both stationary fingers
being applied to same voltage potential. This topology is achieved with connecting

all the stationary fingers to the same anchor.
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Figure 3.5: Simulation result of sense mode of the gyroscope using CoventorWare
FEM simulator. Drive mode electrodes do not move in the sense mode
verifying the decoupled operation.



Figure 3.6: Simulation result of drive mode of the gyroscope using CoventorWare
FEM simulator. Sense mode electrodes do not move in the drive mode
verifying the decoupled operation.



Figure 3.7: Cross mode of the gyroscope topology. This mode is an unwanted mode
and the resonance frequency of this mode should be as far as possible from
the drive/sense mode resonance frequencies.

3.3.3 Design Considerations for Three Different Processes

In this study, three different processes are considered to fabricate MEMS
accelerometers and gyroscopes. These processes are the SOIMUMPs process,
electroplating process, and DRIE process. The details of these processes are given in
Chapter 4. However, the design of each MEMS sensor is limited by the fabrication
process. Some important dimensions like height and minimum spacing are
determined by the fabrication. Moreover, the critical dimensions of the sensors may
change with the fabrication errors. If the fabrication is adequately understood, these

fabrication errors can be compensated with a proper design.

The SOIMUMPs process is a commercial MUMPs (Multi-User MEMS Processes)
provided by CRONOS Inc. The process uses upper silicon of SOI wafers for the
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structural material and patterns this layer with DRIE providing 10 pm silicon
structural layer with a 2 pm minimum line and gap spacing [58]. The most important
design considerations are the minimum line and gap spacing, maximum comb finger

length, and die length.

The nickel electroplating process is realized with the facilities in METU-MET. The
process starts with glass wafers and creates patterned nickel structures with
electroplating using a thick photoresist mold. The main design consideration in this
process is the change in the critical dimensions due to the change in the dimensions
of the photoresist mold. During the exposure of the photoresist, the photoresist mold
tries to increase the dimensions of the structural parts and so decrease the dimensions
of the spacing parts. This change in the dimensions is most critical in finger regions
and in spring regions. Without considering this change, the small finger spacing may
vanish due to shrinking, and the resonance frequency of the sensor may come up to
be larger then expected due to the increase of the widths of the springs. With our
previous studies [11], the magnitude of this dimension change is estimated.
Considering a typical mold of thickness more then 15 pm, we can say that the
structural regions try to increase by 1 um in each direction, hence the spacing parts
try to decrease by 1 um in each direction. In this study, all the Ni electroplating
designs, calculations, and FEM simulations are done considering this dimension

change.

The DRIE process is also developed to be done at the facilities in METU-MET. The
process starts with a glass wafer. The structural layer is silicon, and it is anodic
bonded to the glass wafer. The DRIE machine patterns the structural layer. The
main design consideration in DRIE process is the silicon etching step. In this step,
the dimensions of the etched parts, which are the spacing parts, tend to increase [18,
59]. This change is the opposite of Ni electroplating process. The magnitude of the
dimension change changes with conditions, and the conditions is not optimized yet
but we consider a change of 1-2 pm [18, 59]. Hence in this study the critical
structural dimensions in DRIE process are designed to be more than desired value

and the critical spacing parts are designed to be smaller than the desired value.
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3.3.4 Performance Estimations for the Designed Accelerometers and

Gyroscopes

In this study, eight different accelerometer prototypes are designed with two of them
having conventional folded springs and six of them having double-folded springs. In
addition to accelerometers, four different gyroscope prototypes are designed. The
accelerometer topologies in these prototypes are the same except the spring types,
but the dimensions and the fabrication process are different. Similarly, the

gyroscope topologies are identical for each process but the dimensions are different.

Table 3.2-9 summarizes the designed accelerometer prototypes. Each table gives the
fabrication process, sensor size, mass and thickness of the proof mass, calculated and
simulated resonance frequency, sense capacitance, sensing gap distance, and
capacitive sensitivity of the corresponding accelerometer. In the calculations
Young’s Modulus of the nickel and silicon are taken as 150 GPa and 130 GPa,
respectively; while the densities of nickel and silicon are taken as 8910 kg/m® and

2330 kg/m’, respectively.

Table 3-2: The summary of accelerometer prototype-1.

Fabrication process SOIMUMPs
Sensor size 1400pm x 980um
Mass of the proof mass 7.32x107 g
Thickness of the proof mass 10 um
Spring type Conventional folded
Sense finger gap 2 um
Sense capacitance 2 x 520 fF
Calculated resonance frequency * 31.5kHz
Simulated resonance frequency 31.2 kHz
Simulated cross mode resonance frequency 34.2 kHz
Calculated mechanical noise 207 ug/NHz
Expected open loop bandwidth 1.5 kHz
Sensitivity 0.13 fF/g

* Electrostatic spring constant calculation is included.
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Table 3-3: The summary of accelerometer-prototype-2

Fabrication process SOIMUMPs
Sensor size 1400pum x 980um
Mass of the proof mass 7.32x107 g
Thickness of the proof mass 10 pym
Spring type Conventional folded
Sense finger gap 2.5 um
Sense capacitance 2x4151F
Calculated resonance frequency * 11.1 kHz
Simulated resonance frequency 11.4 kHz
Simulated cross mode resonance frequency 17.1 kHz
Calculated mechanical noise 125 ug/NHz
Expected open loop bandwidth 500 Hz
Sensitivity 0.67 fF/g

* Electrostatic spring constant calculation is included.

Table 3-4: The summary of the accelerometer prototype-3.

Fabrication process SOIMUMPs
Sensor size 1400pm x 980um
Mass of the proof mass 7.32x107 g
Thickness of the proof mass 10 pym
Spring type Double-folded
Sense finger gap 2 um
Sense capacitance 2 x 520 fF
Calculated resonance frequency * 3.73 kHz
Simulated resonance frequency 4.25 kHz
Simulated cross mode resonance frequency 9.24 kHz
Calculated mechanical noise 71.0 ug/NHz
Expected open loop bandwidth 150 Hz
Sensitivity 9.25 fF/g

* Electrostatic spring constant calculation is included.

56




Table 3-5: The summary of accelerometer prototype-4.

Fabrication process

Nickel electroplating

Sensor size

1390pum x 890um

Mass of the proof mass 4.34x10% g
Thickness of the proof mass 19 um
Spring type Double-folded
Sense finger gap 2.5 um
Sense capacitance 2 x 557 fF
Calculated resonance frequency * 2.66 kHz
Simulated resonance frequency 2.68 kHz
Simulated cross mode resonance frequency 8.44 kHz
Calculated mechanical noise 24.5 ug/NHz
Expected open loop bandwidth 100 Hz
Sensitivity 15.70 fF/g

* Electrostatic spring constant calculation is included.

Table 3-6: The summary of accelerometer prototype-5.

Fabrication process Nickel electroplating
Sensor size 1890pm x 1240pum
Mass of the proof mass 1.31x107 g
Thickness of the proof mass 19 um
Spring type Double-folded
Sense finger gap 3 um

Sense capacitance 2 x 696 fF
Calculated resonance frequency * 2.05 kHz
Simulated resonance frequency 2.05 kHz
Simulated cross mode resonance frequency 5.37 kHz
Calculated mechanical noise 12.7 ng/NHz
Expected open loop bandwidth 100 Hz
Sensitivity 27.41 {F/g

* Electrostatic spring constant calculation is included.
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Table 3-7: The summary of accelerometer prototype-6.

Fabrication process

Nickel electroplating

Sensor size

1890um x 1240um

Mass of the proof mass 1.31x107 g
Thickness of the proof mass 19 um
Spring type Double-folded
Sense finger gap 3 pm
Sense capacitance 2 x 696 fF
Calculated resonance frequency * 1.54 kHz
Simulated resonance frequency 1.57 kHz
Simulated cross mode resonance frequency 4.86 kHz
Calculated mechanical noise 10.9 ug/NHz
Expected open loop bandwidth 75 Hz
Sensitivity 48.84 fF/g

* Electrostatic spring constant calculation is included.

Table 3-8: The summary of the accelerometer prototype-7.

Fabrication process DRIE
Sensor size 2500pm x 1600um
Mass of the proof mass 2.78x107 g
Thickness of the proof mass 100 pm
Spring type Double-folded
Sense finger gap 3 um
Sense capacitance 2x5.12 pF
Calculated resonance frequency * 2.97 kHz
Simulated resonance frequency 3.29 kHz
Simulated cross mode resonance frequency 21.86 kHz
Calculated mechanical noise 2.7 ng/NHz
Expected open loop bandwidth 150 Hz
Sensitivity 48.01 fF/g

* Electrostatic spring constant calculation is included.
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Table 3-9: The summary of accelerometer prototype-8.

Fabrication process DRIE
Sensor size 2950pum x 2100um
Mass of the proof mass 1.08x10° g
Thickness of the proof mass 200 pm
Spring type Double-folded
Sense finger gap 5 um
Sense capacitance 2 x 10.5 pF
Calculated resonance frequency * 2.76 kHz
Simulated resonance frequency 2.79 kHz
Simulated cross mode resonance frequency 19.96 kHz
Calculated mechanical noise 1.3 pg/\NHz
Expected open loop bandwidth 125 Hz
Sensitivity 68.75 {F/g

* Electrostatic spring constant calculation is included.

We can conclude that a high performance accelerometer design is directly related
with the accelerometer resonance frequency and the chosen technology. If the
accelerometer resonance frequency is lowered, the movement response of the proof
mass to a fixed amplitude acceleration signal will increase; hence the sensitivity will
increase at the expense of open loop bandwidth. Moreover, if the technology allows
high aspect ratio sense structures with high capacitance values, the sensitivity will

also increase significantly.

Table 3.10-13 summarizes the designed gyroscopes. The gyroscope properties are
more than that of the accelerometers including dimensions of the die, mass and
thickness of the proof mass, sense finger gaps, sense capacitance, calculated and
simulated drive and sense mode resonance frequencies, simulated cross mode
resonance frequencies, expected drive mode vibration magnitude, and the

polarization voltage.
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Table 3-10: The summary of the gyroscope prototype-1.

Fabrication process SOIMUMPs
Sensor size 2050um x 2050pm
Mass of the proof mass 1.44x10° g
Thickness of the proof mass 10 pm
Sense finger gap 2 um
Sense capacitance 2x 153 fF
Calculated drive mode resonance frequency 15.82 kHz
Calculated sense mode resonance frequency 15.70 kHz
Simulated drive mode resonance frequency 14.34 kHz
Simulated sense mode resonance frequency 14.16 kHz
Simulated cross mode resonance frequency 7.09 kHz
Drive mode vibration amplitude 0.1 pm
Polarization voltage 10V
Expected quality factor in vacuum 300

Sensitivity

1.62 aF/(°/sec)

Table 3-11: The summary of the gyroscope prototype-2.

Fabrication process Nickel Electroplating
Sensor size 2200pm x 2200um
Mass of the proof mass 1.96x107 g
Thickness of the proof mass 19 um

Sense finger gap 3 um

Sense capacitance 2x 363 fF
Calculated drive mode resonance frequency 6.07 kHz
Calculated sense mode resonance frequency 6.05 kHz
Simulated drive mode resonance frequency 5.95 kHz
Simulated sense mode resonance frequency 5.94 kHz
Simulated cross mode resonance frequency 4.26 kHz
Drive mode vibration amplitude 0.1 pm
Polarization voltage 10V
Expected quality factor in vacuum 300
Sensitivity 6.67 aF/(°/sec)

60




Table 3-12: The summary of the gyroscope prototype-3.

Fabrication process DRIE
Sensor size 3530pum x 3530um
Mass of the proof mass 7.64x107 g
Thickness of the proof mass 100 um
Sense finger gap 3 um
Sense capacitance 2x 197 pF
Calculated drive mode resonance frequency 6.57 kHz
Calculated sense mode resonance frequency 6.54 kHz
Simulated drive mode resonance frequency 6.36 kHz
Simulated sense mode resonance frequency 6.34 kHz
Simulated cross mode resonance frequency 8.63 kHz
Drive mode vibration amplitude 0.1 pm
Polarization voltage 10V
Expected quality factor in vacuum 300

Sensitivity

33.40 aF/(°/sec)

Table 3-13: The summary of the gyroscope prototype-4.

Fabrication process DRIE
Sensor size 3530pm x 3530um
Mass of the proof mass 1.53x10° g
Thickness of the proof mass 200 pm
Sense finger gap 5 um
Sense capacitance 2x236pF
Calculated drive mode resonance frequency 6.57 kHz
Calculated sense mode resonance frequency 6.54 kHz
Simulated drive mode resonance frequency 6.63 kHz
Simulated sense mode resonance frequency 6.66 kHz
Simulated cross mode resonance frequency 9.04 kHz
Drive mode vibration amplitude 0.1 pm
Polarization voltage 10V
Expected quality factor in vacuum 300

Sensitivity

23.04 aF/(°/sec)

Similar to the accelerometer conclusion, we can say that to decrease the resonance

frequencies of the gyroscope and to use a better process providing higher aspect ratio

with higher capacitance values will increase the sensitivity of the gyroscope.

Moreover, if the quality factor value is increased, due to symmetric operation

principle, the sensitivity of the gyroscope will also increase.
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3.4 Summary

This chapter presents the design considerations of MEMS accelerometers and
gyroscopes and explains the designed sensors. In MEMS accelerometers and
gyroscopes, the main considerations for the evaluation of the sensor are the
resolution, scale factor, bias drift, and bandwidth. To realize a high performance

sensor, each design consideration must be handled carefully.

In this study, we have designed 8 accelerometer prototypes, and 4 gyroscope
prototypes. For the realization of these prototypes, we have used three different
fabrication processes. The fabrication errors from these processes are also
considered in each design. The next chapter explains the details of the fabrication

processes used in this study.
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CHAPTER 4

MEMS ACCELEROMETERS AND GYROSCOPES
FABRICATION

This chapter gives the details of fabrication steps of the processes used in this study.
Section 4.1 gives an introduction to the MEMS fabrication techniques. Section 4.2
explains the SOIMUMPs process in detail, and gives the structural dimensions.
Section 4.3 gives the details of nickel electroplating process, and explains the
material layers that we use in this process. Section 4.4 explains the DRIE process.

Finally, Section 4.5 gives a summary of this chapter.

4.1 Introduction to MEMS Fabrication Techniques

MEMS fabrication or micromachining refers to fabrication of devices with at least
one of their dimensions in micrometer range with the help of etching techniques to
remove part of the substrate or deposit thin film [60-61]. There are basically two

micromachining techniques: bulk and surface micromachining.

In bulk micromachining, the wafer is etched deeply from either front or back side.
However, the surface micromachining tries to build up structures onto the wafer with
depositing techniques. Although the definitions of these micromachining techniques

seem to be clear, it is not easy to say whether a process is surface or bulk
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micromachining due to the fact that the process can use proper steps from both

surface and bulk micromachining.

The bulk micromachining is usually realized using silicon substrate. There are
various methods to etch silicon using wet or dry silicon etching techniques [62]. In
the early times when the researchers used bulk micromachining to form MEMS
sensors, they used wet etchants to etch silicon. The etchants may realize an isotropic
etching where the silicon is etched with the same etch rate in each directions, or
anisotropic etch, where the etch rates in different crystalline planes of silicon is
significantly different. But, with wet etching, vertical comb fingers with high aspect
ratio capacitances cannot be obtained. Moreover, wet etching, especially isotropic
wet etching is not very controllable. In addition, the etchants may be dangerous for
human health (EDP), or be problematic for the CMOS circuitry (KOH). However,
the main advantageous of wet etching is to realize very thick proof mass structures
easily. After the realization of the RIE machine (Reactive lon Etching), the
possibility of forming vertical comb structures is born, but the RIE machine could
not handle high thicknesses. Finally, DRIE machine solved this problem creating
very high trenches with high aspect ratio capacitances [63].

The surface micromachining uses thin film deposition techniques and then etches
sacrificial layers to create suspended mechanical structures [26]. The process steps
of surface micromachining are similar to CMOS circuitry fabrication, and hence the
main advantage of surface micromachining is its compatibility with the standard IC
process. In addition to this, the vertical comb fingers can be easily realized with this
technique. However, the main disadvantage of the surface micromachining is the
thin structural layer thicknesses and stress issues due to these thin films. But, with
the advanced machines like DRIE, or using high aspect ratio high thickness
photoresist for structural layer mold in electroplating process started to remove this
disadvantage of the surface micromachining with providing high thickness proof

masses [64].
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There are various accelerometers and gyroscopes fabricated with bulk [65-68] or
surface micromachining [69-73]. Moreover, some sophisticated processes are
developed using both surface and bulk micromachining for realization of MEMS

sensors [74-75].

4.2 Details of SOIMUMPs Process

SOIMUMPs process is a commercial MUMPs (Multi-User MEMS Processes)
provided by CRONOS Inc. Figure 4.1 shows the overview of the SOIMUMPs
process. The process uses an SOI (Silicon on Insulator) wafer and patterns the top
silicon layer for the structural layer. The process starts with the phosphorus doping
of top silicon layer. This doping is to arrange the resistivity values of the silicon
layer. After this step, Cr/Au metal layer is patterned. For this layer, first a negative
photoresist is coated, exposed, and developed according to metal mask, and then
Cr/Au is e-beam evaporated. A successful lift-off step patterns the metal layer.
After first metallization, structural layer is patterned. To achieve this, masking
photoresist is coated, exposed and developed according to structural mask. After
lithography, the structural silicon is etched with DRIE up to the oxide layer. After
this point, the front part of the wafer is coated with a protective layer and a masking
photoresist layer is patterned on to the backside of the layer. The bulk silicon part of
the wafer is etched all the way with DRIE up to the oxide layer. This etching defines
the suspended regions of the sensors. After this step the oxide layer and the
protective layer is etched. From this point on, the substrate connection can be
achieved and the structures are suspended. A shadow mask technique is used to
pattern second metallization which provides substrate connection. The process ends

after the shadow mask is removed.
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Top silicon Oxide layer PSG Silicon
Substrate

a) The wafer is coated with PSG (phosphosilicate glass) and annealed to dope the
top silicon layer with phosphorus. PSG is removed afterwards.

Top silicon  Oxide layer ~ Photoresist Cr/Au Silicon

Substrate

b) A negative photoresist is patterned by exposure and then Cr/Au metallization
layer is deposited using e-beam deposition.

RS

Cr/Au Silicon

Substrate

Top silicon Oxide layer

c¢) The photoresist is lifted-off and the metal layer on top is also removed this way.
The remaining metal parts define the first metallization layer.
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Photoresist Cr/Au

Silicon
Substrate

Top silicon  Oxide layer

d) A masking photoresist is coated on to the front side and patterned with
exposure. Using this photoresist mask the top silicon layer is etched with DRIE up
to oxide layer. Photoresist is removed afterwards.

Cr/Au Front part

. rotective layer
Top silicon P 4

Silicon

Photoresist
Substrate

e) A masking photoresist is coated on to the back side and patterned with exposure
and front layer is coated with a protective layer. Using this photoresist mask the
bulk silicon layer is etched with DRIE up to oxide layer. Photoresist is removed
afterwards.

Top silicon LA

Silicon
Substrate

f) The protective layer is removed. After that the oxide layer is removed making
the structures suspended.
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Shadow mask

AR

Top silicon

Cr/Au

Silicon
Substrate

g) Silicon made shadow mask is bonded to the SOI wafer for the masking layer of
final metallization. The metal is evaporated and through the holes and stick to the

SOI wafer. This metallization is important for substrate contact.

Top silicon

h) The final view of SOIMUMPs samples.

Cr/Au

Silicon
Substrate

Figure 4.1: The overview of SOIMUMPs process [58].

Figure 4.2 shows the total layout of the overall SOIMUMPs chip. The chip includes

accelerometers and gyroscopes for this study and also some test structures and a

gyroscope for another MEMS related study. The total chip occupies 10mm x 10mm

total die area.
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Figure 4.2: The overall layout of SOIMUMPs chip. The chip includes
accelerometers and gyroscopes for this study and also some test structures
and a gyroscope for another study. The chip occupies 10mm x 10mm total
chip area.

Table 4-1 gives the thicknesses and purposes of material layers in SOIMUMPs
process. The main advantage of this process is using single crystal silicon as its
structural layer. Single crystal silicon shows great mechanical and electrical
properties and is highly preferred is MEMS devices [26]. Moreover, DRIE
patterning on the front size provide 5 aspect ratio capacitive walls for vertical comb
structures. Combining this moderately high aspect ratio with 10 pm structural height,

reasonably high capacitances can be achieved with this process. Due to these
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advantages, we have chosen SOIMUMPs process as one of the fabrication processes

for realizing our sensors.

Table 4-1: Thicknesses and purposes of material layers in SOIMUMPs process [58].

Material Layer Thickness (um) Purpose
Metal 1 (Cr/Au) 0.52 Provides electrical connections.
Top silicon 10 Structural silicon layer.
Oxide 1.0 Substrate isolation.
Silicon substrate 400 Substrate.
Metal 2 (Cr/Au) 0.65 Provides substrate connection.

4.3 Details of Nickel Electroplating Process

The nickel electroplating process used in this study is a surface micromachining
process which is developed in the facilities of METU-MET. The fabrication steps of
this process are leaded by Said Emre Alper, and realizing these steps is also a part of
this study. Figure 4.3 shows the overall fabrication details of nickel electroplating
process. The process uses glass as the substrate layer and nickel as the structural
layer. The structural nickel is formed using electroplating with the help of thick

photoresist mold.

Table 4-2 gives the thicknesses and purposes of material layers in nickel
electroplating process. The use of a glass substrate is one of the major advantages of
this process due to the fact that glass being an insulator will not cause parasitic
capacitances in the pad regions and will not cause levitation effect [76]. In addition
to this advantage, the electroplating process provides a high possibility of material
choices due to the fact that photoresist mold provides the possibility of electroplating
various metals for various purposes. In this process, nickel is selected for the
structural material for its attractive material properties such as Young’s modulus and
yield strength [11, 77]. Moreover, gold is suitable for interconnect material due to its

high conductivity and ease of fabrication [78].
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Glass
Photoresist Cr/Au Substrate

SJR5740

a) SJR5740 is patterned onto the glass wafer using exposure and then Cr/Au is
evaporated.

Anchor Metals Wiring Metal
/ \ 4
N
Glass
Cr/Au Substrate

b) SIR5740 is lifted-off and metallization layer is formed.

Ti/Cu Cr/Au Substrate

c¢) Ti/Cu is sputtered onto the wafer. This layer is the seed layer for the sacrificial
cupper electroplating.
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Photoresist
S1813

Ti/Cu Cr/Au Substrate

d) S1813 is patterned with exposure. This photoresist is used for the masking
layer of anchor region Ti/Cu etches.

Glass
Ti/Cu Cr/Au Substrate

e) Ti/Cu in the anchor regions is etched.

Photoresist
maN-440

Ti/Cu Cr/Au Substrate

f) maN-440 is patterned with exposure. This photoresist prevents sacrificial Cu
electroplating in the anchor regions.

72



Electroplated .
CII; Photoresist ~ T1/Cu

maN-440

Glass
Cr/Au Substrate

g) The sacrificial Cu is electroplated. maN-440 is stripped afterwards.

Thick Electroplated :
Photoresist Cu Ti/Cu
SJR5740

Glass
Cr/Au Substrate

h) Structural mold resist SIR5740 is patterned with exposure.

Electroplated
Ni
Thick Electroplated :
Photoresist Cu Ti/Cu
SIR5740

Glass
Cr/Au Substrate

i) Structural nickel is electroplated.
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TN TN

Glass

Cr/A
Electroplated AU Substrate

Ni

j) First the structural mold photoresist is stripped and then the sacrificial Cu is
etched. The process finishes with etching Ti layer.

Figure 4.3: Overall fabrication details of nickel electroplating process.

Table 4-2: Thicknesses and purposes of material layers in nickel electroplating

process.
Material Layer Thickness (um) Purpose

Glass substrate 500 Substrate

Metal (Cr/Au) 0.17 Provides electrical connections
Sacrificial cupper 5 Provides suspended regions
Structural nickel 17-20 Structural material

Due to these advantages, the nickel electroplating process is chosen as one of the
fabrication process for realizing the sensors developed in this study. Sections 4.3.1-

4.3.3 will explain the fabrication steps of this process in detail.

Figure 4.4 shows the overall layout of the nickel electroplating wafer. The wafer is a
4 inch wafer and consists of not only accelerometers and gyroscopes designed within
this study, but also some other gyroscope designs and some test structures for

another study in our group.
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Figure 4.4: The overall layout of the nickel electroplating wafer. The chip is a 4 inch
wafer including several accelerometers and gyroscopes for this study and also
gyroscopes for another study. The sensors are placed into 3mm x 3mm die
areas. After the process, these dies are separated using a dicer machine.

4.3.1 Fabrication of Metallization Layer in Nickel Electroplating Process

The metallization layer in the nickel electroplating process is used for both electrical
connections and for the adhesion layer of nickel structural layer to the glass substrate.
For this purpose, the chromium/gold layer is patterned with lift-off. Gold is the main

layer for electrical connections and the adhesion of nickel to glass. However, gold
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needs an adhesion layer between itself and glass substrate and hence chromium is

used for this purpose.

The metallization process is the first process step and realized with lift-off. The
process starts with the preparation of the glass wafer. The wafer is first put into
piranha etchant (1:1 H,SO4:H,0,) for 15 min for organic cleaning. After this step,
the wafer is dipped into BHF (Buffered HF, 6:1 NH4:HF) for 30 sec. This step is
important for the adhesion of chromium to the glass substrate. BHF slowly etches
the glass and creates a rough surface. This rough surface increases the adhesion of

chromium to the glass surface.

After the preparation of the glass wafer, the wafer is coated with 7-8 pm SJR5740
photoresist. This photoresist is patterned with exposure. After development, the
anchor regions and the routing metal regions will be developed, while in all the
remaining regions the photoresist will remain. The wafer is then put into evaporation

machine and first chromium (200 A) then gold (1500 A) is evaporated (Figure 4.3
(a)).

Evaporation does not have good step coverage; however this property of evaporation
turns out to be advantageous in lift-off process. The wafer is put into a petry dish
full of acetone and with the help of ultrasonic buzzer the photoresist and the metal
layer on top of photoresist is lifted-off (Figure 4.3 (b)). After this step the
metallization layer is formed. This layer provides electrical connections and also is

used as an adhesion layer of nickel to glass substrate.

4.3.2 Fabrication of Sacrificial Layer in Nickel Electroplating Process

The sacrificial layer in the electroplating process provides suspended regions of the
sensor. For selecting the sacrificial layer, a thick sacrificial layer is preferred to
achieve lower air damping. Moreover, a more important issue is the etchant that

etches the sacrificial layer. The etchant should not deform other materials while

76



etching the sacrificial layer. According to these criteria, cupper is selected as the

sacrificial layer.

The sacrificial layer covers the entire wafer except the anchor regions. To achieve
this, the cupper is electroplated while the anchor regions are filled with a proper
photoresist. Hence, the sacrificial formation process starts with the formation of seed
layer for cupper electroplating. The wafer is put into the sputtering machine for
titanium/cupper (300 A / 3000 A) seed layer sputtering. The main seed layer is
cupper, but to achieve a good adhesion between glass substrate and cupper, titanium
layer is used. After sputtering (Figure 4.3 (c)), to etch the titanium/cupper in the
anchor regions, S1813 thin photoresist is patterned with exposure (Figure 4.3 (d)).
With S1813 masking layer, the sputtered metal layers in the anchor regions are
removed by first cupper etch (1:1:18 CH;HOOH:H,0,:DI H,0) and then titanium
etch (1:1:600 HF:H,0,:DI H,0) (Figure 4.3 (e)). After these etchings, the masking

photoresist is removed.

After preparation of the seed layer, the wafer is coated with maN-440 negative
photoresist and patterned with exposure. This time the photoresist in the anchor
regions remained in the other regions the photoresist is developed (Figure 4.3 (f)).
This remaining photoresist prevents sacrificial cupper electroplating in the anchor
regions. After the development, 5 um thick sacrificial cupper of is electroplated
(Figure 4.3 (g)). The fabrication of sacrificial layer finishes with the removing of the

photoresist.

4.3.3 Fabrication of Structural Layer in Nickel Electroplating Process

The fabrication of the structural layer in the electroplating process is achieved by
first patterning the mold photoresist, then electroplating the structural nickel, and

finally stripping the stripping the mold photoresist and the sacrificial layer.

The structural mold formation is one of the most critical steps of the whole process.

This step defines the aspect ratio of the sensor, as it defines the structural part and
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spacing part in the comb finger regions. To achieve a high aspect ratio, and high
proof mass thicknesses, the photoresist mold should be thick and can be patterned
with high aspect ratio. SJR5740 is a thick photoresist that can realize these
conditions [79]. In the literature, there are some studies that achieved 6.8 aspect ratio

structures [80].

For the formation of the mold, first SJR5740 is coated with a low spin rate. After
this step, the wafer should wait on the chuck of the spinner for a while until the stress
related lines on the photoresist surface vanishes. After this waiting period, the wafer
is softbaked on the hotplate. After softbake, there is relaxation time period for this
photoresist in high humidity levels. To achieve this level, we put few water drops in
a wafer holder, put the wafers in this holder, close the holder, and wait for 2 hours.
After this relaxation time, exposure is done. There is another relaxation period after
the exposure again in the high humidity levels for 2 hours. After this relaxation

period, the development can be done (Figure 4.3 (h)).

After the formation of the mold photoresist, the mold should be hardbaked. This
bake is prevents deformation of the mold photoresist in the nickel electroplating
solution. However, SJR5740 is sensitive to high temperatures and if applied to high
temperatures, it deforms its shape. To avoid any shape change due to hardbake, the
wafer is applied to 80 °C for 16 hours. With this hardbake, the photoresist shape
changes a little in the bulky photoresist regions, but it withstands the electroplating

solution.

The next step is the nickel electroplating step. We have made several electroplating
trials with dummy wafers to achieve the optimum nickel electroplating conditions.
The applied current, the agents in the solution are important effects in the nickel
electroplating process, and playing with these conditions we have achieved very

shiny and low stress nickel structures (Figure 4.3 (i)).

The process finishes with removing all the sacrificial layers. However, due to the

fact that dicing of the wafer may cause damage to the suspended structures, the
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release operation is done after dicing. However, we have observed that, the cupper
sacrificial layer is deformed in the dicing operation, and deformed cupper also
deforms the metal pads underneath. To avoid this problem, before the dicing
operation, the cupper in the pad regions should be etched away, but the samples
should not be totally released not to cause any damage in the dicing operation.
Hence, first mold photoresist is stripped, and then sacrificial cupper is etched half
way. Due to the fact that the cupper in the open regions are gone first, with a proper
timing, we have achieved to remove the cupper in the pad regions while keep the
cupper under the devices. After the half cupper etch, the wafer is coated with a
protective photoresist and then diced. After dicing, the release operation is done
sample by sample. First, the protective photoresist is removed, then the remaining
cupper is etched away, then the titanium layer under the cupper layer is etched. After
titanium etch, the samples are totally released. Not to cause any stiction problem, the
last step is to dip the samples into IPA, and evaporate the IPA on the hot plate.
Figure 4.3 (i) shows the final view of the electroplated samples.

4.4 Details of DRIE Process

The DRIE process is an advanced process that uses bulk micromachining. The DRIE
process is currently being developed in the facilities of METU-MET. The
fabrication steps of this process are leaded by Said Emre Alper, and realizing these
steps is also a part of this study. Figure 4.5 shows the overall fabrication details of
the DRIE process. This process uses glass substrate similar to nickel electroplating
process. The silicon wafer that will be used as the structural layer is bonded onto the
glass wafer with anodic bonding and then silicon is etched from the top with DRIE
machine. Most of the process steps in the DRIE process have been completed. The
DRIE tool that is necessary for the deep trench etching in silicon is also purchased,

and the installation of it is still continuing.
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a) Cr/Au is evaporated.

b) Negative resist is patterned with exposure. This photoresist defines the metal
mask for the glass etch.

c) First Cr/Au is etched and glass etch mask is formed. After that, glass is etched.
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Anchor regions

d) Photoresist and metal mask is stripped. The anchor regions are now available
for anodic wafer bonding.

e) S1828 is patterned with exposure. This photoresist defines the regions for metal
shield layer.

f) Using S1828 as the masking layer, a shallow glass etch is done. This etching
will not prevent shield layer connection to the silicon wafer but it will make
increase the bonding region by decreasing the level difference between the glass
and silicon wafers.
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Photoresist Glass

Cr/Au shield
S1828 layer Substrate
g) Cr/Au metal shield layer is evaporated.
N N
A
Ct/Au shield Cllass
Substrate

layer

h) Cr/Au metal shield layer is patterned with lift-off. This layer minimizes the
notching effect in DRIE step [82].

Silicon wafer Cr/Au shield Glass
layer Substrate

i) Silicon wafer is anodic bonded to the glass substrate.
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A
Photoresist
SJR5740 Silicon wafer Cr/Au shield Glass
layer Substrate

J) SJR5740 is patterned with exposure. This photoresist defines the metallization
regions.

Photoresist

Cr/Au
SIR5740 Silicon wafer Cr/Au shield .\ ta1lization Glass
1 Substrate
VN layer
k) Cr/Au metallization layer is evaporated.
'\
Cr/Au .
metallization Cr/Au shield 5 Glass
layer layer Silicon wafer Substrate

1) Cr/Au metallization layer patterned with lift-off.

83



Oxide Cr/Au
metallization
layer

Cr/Au shield Glass
layer Silicon wafer Substrate

m) Oxide is coated with PECVD. This layer is the masking layer for the DRIE
step.

7%
N
Oxide Cr/Au :
metallization Cr/Au shield > Glass
layer layer Silicon wafer Substrate

n) S1813 is patterned with exposure. This photoresist defines the oxide mask
regions for DRIE step.

Oxide Cr/Au  Photoresist :
metallization S1813  Ct/Au shield Glass

layer Silicon wafer Substrate

layer

0) The oxide is etched with RIE.
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1) The process finishes after the masking photoresist and the oxide is stripped.

Figure 4.5: Overall fabrication details of the DRIE process.

DRIE process has several advantages compared to other processes [81]. The most

important advantage of this process is realizing very high aspect ratio vertical

capacitances. High aspect ratio capacitances is the key element for realizing high

performance capacitive sensors, hence DRIE provides the realization of very high

performance MEMS sensors. In addition to that, this process provides single crystal

silicon structural layer which is highly preferred in MEMS devices due to its

mechanical and electrical properties [26]. Moreover, the wafer can be bonded to an
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insulator substrate such as glass, and hence unwanted levitation effect can be avoided

[76].

Table 4-3 the thicknesses and purposes of the material layers used in DRIE process,

and Figure 4.6 shows the overall DRIE wafer.

Similar to nickel electroplating

process, this wafer consists of accelerometers and gyroscopes designed within this

study and also some gyroscopes designed for another study going on in our group.

Table 4-3: Thicknesses and purposes of material layers in DRIE process.

Material Layer Thickness (um) Purpose
Glass Substrate 500 Substrate
Mask metal (Cr/Au) 0.12 Masking layer for glass etch
Glass anchor 5 Provides suspended regions
Shield metal (Cr/Au) 0.12 %%}En;z:; Fgozt]c_hmg effect in
Structural silicon 100 or 200 Structural material
Silicon Oxide 1-2 Masking layer for DRIE
Metal (Cr/Au) 0.12 Provides electrical connections
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Figure 4.6: The overall layout of the DRIE wafer. This is a 4-inch wafer including
several accelerometers and gyroscopes for this study and also gyroscopes for
another study. The sensors are placed into 4mm x 4mm die areas.

4.4.1 Fabrication of Anchor Regions and Shield Metal in the DRIE Process

Anchor regions are the support points that connect the suspended regions to the
substrate. Unlike the nickel electroplating process, in DRIE process the material of
the anchor regions is not the same material with the structural material. In DRIE
process, the anchor material is the same material with the substrate material. To
process this structure, the glass substrate is etched from the top side with anchor

regions protected.
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The anchor region formation is the first process step and hence the process starts
with the preparation of the glass wafer. Similarly with the nickel electroplating
process, the wafer is first put into piranha etchant (1:1 H,SO4:H,0,) for 15 min for
organic cleaning. After this step, the wafer is dipped into BHF (Buffered HF, 6:1
NH4:HF) for 30 sec to increase the adhesion of chromium to the glass substrate. The
masking layer for the glass etch is the evaporated chromium/gold, hence BHF step is
critical.  After chromium/gold evaporation (200 A / 1000 A) (Figure 4.5 (a))
maN-440 negative resist is patterned with exposure. This patterned photoresist

defines the masking region of the metal mask underneath (Figure 4.5 (b)).

The wafer is dip into gold etchant and then chromium etchant. After these etching
steps the masking metal layer is formed. Then without stripping the photoresist,
using both photoresist and the metal as the masking layer the glass etch process is
done (Figure 4.5 (c)). The glass etchant (10:7:3 DI H,O:HF:HNOs3) creates a very
large undercut, decreasing the actual anchor region, but we have considered this
undercut in the design period. After glass etch, the photoresist, the masking gold,
and the masking chromium is stripped (Figure 4.5 (d)).

The next step is the formation of shield metal. The shield metal minimizes the
undesired notching effect in DRIE process [82]. The shield metal should be
electrically connected to the structures and during the DRIE step, the ions that etches
though the silicon will not etch under the silicon afterwards but will bombard the
shield metal layer [82]. Hence, the shield metal should touch the structural silicon in
the anchor points. This can be realized with a thin metal layer placed onto the anchor
points. During the anodic bonding, the silicon can touch the shield layer in these
regions. However, this thin layer will decrease the bonding region, and also will
create a level difference that will further decrease the bonding area. Hence, in the
process flow, we first create a shallow etch region for the shield layer to decrease the
level difference. First, S1828 is patterned with exposure (Figure 4.5 (e)). This
photoresist is the masking layer for shallow glass etch and also enables shield metal
patterning with lift-off. After patterning the photoresist, the wafer is dipped into
BHF (Buffered HF, 6:1 NH4:HF) for the shallow glass etch (Figure 4.5 (f)). Then
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chromium/gold (200 A / 1000 A) is evaporated (Figure 4.5 (g)). After lift-off, shield
metal patterning is finished (Figure 4.5 (h)).

4.4.2 Anodic Bonding and Fabrication of Metallization Layer in the DRIE

Process

The anodic bonding process is a very popular bonding process with high bond
strengths and relatively low bonding temperatures [83-85]. In DRIE process, the
silicon wafer which will form the structural material is bonded to the glass substrate

with anodic bonding.

Figure 4.5 (i) shows the bonded wafers using anodic bonding. After this bonding
step, the next process step is the formation of metallization layer. Similar to the
nickel electroplating process, the metallization layer is formed using lift-off. The
photoresist used in this process is again SJR5740 for its high thickness. After
SJR5740 is patterned with exposure (Figure 4.5 (j)), chromium/gold (200 A / 1000 A)
is evaporated ( Figure 4.5 (k)). The metallization layer is formed after the lift-off
process (Figure 4.5 (1)).

4.4.3 Fabrication of Oxide Mask and DRIE Step in the DRIE Process

After the metallization step, the wafers are ready for DRIE step. This step is the
most critical step in this process since it defines the minimum dimensions and high

aspect ratio vertical comb fingers.

The masking layer for the DRIE is the silicon oxide layer. The reason for using
silicon oxide for the masking layer is its high selectivity in DRIE process. To create
silicon oxide mask, the first process step is to deposit silicon oxide using PECVD
(Figure 4.5 (m)). After the deposition of the oxide, S1813 is patterned with exposure
(Figure 4.5 (n)). This patterned photoresist is used as the masking layer to pattern

the silicon oxide layer. To patterns silicon oxide, regular RIE step is used. After the
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RIE step (Figure 4.5 (0)), DRIE etching is done using both the oxide layer and the
photoresist as the masking layer (Figure 4.5 (p)). The process ends with stripping
masking photoresist and oxide layers (Figure 4.5 (1)).

Similar to the nickel electroplating process, the dicing issue is also important in
DRIE process. After DRIE step, the wafers are coated with a protective photoresist
before the dicing process and then the dicing is performed. After the dicing, the

protective photoresist is removed sample by sample.

The process steps in this process have already been completed at METU-MET
facilities, except the DRIE step. The DRIE step has been done at STS, one of the
producers of the DRIE machine. A DRIE machine is already purchased from STS

and the installation of it was in progress during the writing of this thesis.

4.5 Summary

This chapter presents the fabrication processes and the details of these processes for
the realization of MEMS accelerometers and gyroscopes. The processes used in this

study are SOIMUMPs process, nickel electroplating process, and DRIE process.

SOIMUMPs process is a commercial MUMPs (Multi-User MEMS Processes)
process which uses SOI wafers and pattern the top silicon layer for the structural
material. This process is realized by CRONOS Inc. Nickel electroplating process is
a surface micromachining process which creates nickel electroplated structures on
top of the glass wafer. All the process steps of this process are realized in
METU-MET facilities. The DRIE process is an advanced process that uses dry
anisotropic bulk micromachining technique. The structural material is silicon and
the substrate is glass. The glass substrate is bonded to silicon wafer using anodic
bonding and then the silicon wafer is etched with DRIE for structural layer formation.
All the process steps, except masking oxide formation and DRIE step, are realized in

METU-MET facilities.
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CHAPTER 5

FABRICATION AND TEST RESULTS

This chapter presents the fabrication and test results of designed accelerometers and
gyroscopes. The chapter also gives the test results of the accelerometers hybrid
connected to a readout circuit to achieve accelerometer systems. Section 5.1 briefly
discusses the fabrication results of each three fabrication processes. Section 5.2
explains the basic tests done to each accelerometer and gyroscope sample and
summarizes these test results. Section 5.3 gives the open loop test results of hybrid
connected accelerometer prototypes using SOIMUMPs accelerometer and nickel
electroplated accelerometer with MS3110 commercial capacitive readout circuit.

Finally, Section 5.4 summarizes the chapter and discusses the test results.

5.1 Fabrication Results of Each Three Processes

This section explains the fabrication results of each three processes. Our first
process is SOIMUMPs process which is fabricated by CRONOS Inc. The devices
are designed and sent for fabrication in CRONOS fabrication facilities. The second
process is nickel electroplating process, which is realized in METU-MET facilities.
The last process is the DRIE process. The fabrication steps of this process are also

realized in METU-MET facilities except the oxide formation and DRIE etching steps.
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5.1.1 Fabrication Results of SOIMUMPs Process

In SOIMUMPs process, the sensors are fabricated and sent to us. The main problem
in this process is that, the sensors are diced after released. Hence, the critical

dimensions are severely damaged in the dicing step.

Figure 5.1 shows SOIMUMPS accelerometers. An open-loop hybrid connected
accelerometer prototype is prepared using a low frequency, high sense capacitance

SOIMUMPs accelerometer sample.

~
-—

METL-MEMS)

Figure 5.1: SOIMUMPs accelerometers. Due to thicker features, the accelerometer
samples do not suffer from transportation problems.

Figure 5.2 shows the broken SOIMUMPs gyroscope structures. The gyroscope
structures have thinner but shorter finger structures but the accelerometers have

thicker and longer finger structures. Hence, the gyroscope features are severely
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damaged during the die separation of the sensors. An undamaged gyroscope sample
cannot be obtained due to this dicing problem; however basic tests can be done to the

gyroscope samples for the verification of the sensor operation.
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Figure 5.2: Broken SOIMUMPs gyroscope structures.
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5.1.2 Fabrication Results Nickel Electroplating Process

The nickel electroplating process results have turned out to be the most expected
fabrication results. In the design period, we have expected that the mold photoresist
will shrink in each direction during the exposure; hence the electroplated region area
will increase. So, we compensate this shrinking of the mold photoresist in our design
drawings. As expected, the mold photoresist shrink in each direction during the
exposure, hence the electroplated area increase during the fabrication. Hence we
have achieved designed resonance frequency values for our sensors. We have also
expected that during the hardbake of the mold photoresist, the shape of the
photoresist will change, especially in the bulky regions. This deformation in the
shape is also observed after the fabrication, especially near the spring regions of the
accelerometers. We expect that this deformation will cause drift in the accelerometer
system and will also change the resonance frequency of the accelerometer, but the
hardbake part is critical due to the fact that the photoresist cannot withstand the
electroplating solution without the hardbake. Moreover, we expect that the
uniformity of the electroplating thickness will not be perfect, and hence there will be
height difference throughout the wafer. The fabricated samples also verify our

expectations.

Figure 5.3 shows a fabricated nickel electroplated accelerometer sample and shows
the deformation in the spring regions. Figure 5.4 shows the SEM pictures of
accelerometer samples. A hybrid connected accelerometer prototype is formed using

a high performance fabricated accelerometers.

Figure 5.5 shows a fabricated nickel electroplated gyroscope. The operation of the

gyroscopes is verified with basic tests that will be explained in Section 5.2.
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Deformation in the spring regions

Figure 5.3: A fabricated nickel electroplated accelerometer and the deformation in
the spring regions.

METU

Figure 5.4: SEM pictures of fabricated nickel electroplated accelerometers.
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Figure 5.5: A photograph of fabricated nickel electroplated gyroscope.

5.1.3 Fabrication Results of DRIE Process

The DRIE process results show that this process still needs optimization. The DRIE
etch step is the most critical step in this process and it seems that we have lost all our
samples during this step. The wide openings of the samples are etched away with a
faster etch rate and then while the smaller opening regions are being etched, there
occurs large under etches in the wide opening regions, or in the small opening

regions the etching is not finished. These are the main problems in DRIE process.

Figure 5.6 shows a SEM picture of a DRIE gyroscope. The fabrication of this
gyroscope seems to be good; however the gyroscope still suffers from the DRIE
fabrication problems. Figure 5.7 shows SEM pictures of DRIE samples, and the

problematic regions are better seen from this picture. In this figure, it can be shown

96



that in wide opening regions the etching is finished, but in small opening regions the
etching is not finished. We can also see some notching effect. The problems may be
minimized with a better mask set. The DRIE mask should be designed such that, the
etch regions should be minimized and also the opening dimensions should be as
similar as possible. However, with the mask sets designed in this study, a working

accelerometer or gyroscope cannot be achieved.

METU = 3K L
Figure 5.6: SEM picture of a DRIE gyroscope. The structure is 200 um thick.
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Figure 5.7: SEM pictures of DRIE samples. (a) The critical structures are damaged
due to notching effect. (b) The etching in small openings is not finished.

5.2 Basic Tests Performed on the Accelerometer and the Gyroscope

Samples

When the fabrication period is finished, four basic tests are performed on capacitive
micromachined sensors. These are the stiction test, short circuit test, capacitance test,
and resonance frequency test. After these tests, the accelerometer samples showing
the highest performance are used for constructing hybrid connected accelerometer

systems.
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The stiction test is performed using a probe station. Firstly, if the samples have glass
substrate as in DRIE and nickel electroplating process, the samples are put
backwards and observed with a microscope. This microscope check is a quick check
to determine whether the samples are released or not. If the samples seem to be
released, then the samples are put on to the probe station with the front sides looking
up. Using a probe, the proof mass is pushed a little in the sensitive direction. If the

deflection is seen in the springs, it means that the structure is released.

The short circuit test is also performed using the probe station. Using two probes and
connecting these probes to the multimeter, we can understand if the proof mass is
short circuited to the sense or drive electrodes or not. If we encounter a short circuit,
we may remove this region with the laser cut. But this step is only applicable to
nickel electroplated sensors because the electroplated nickel is rather soft material

that can be cut with the laser cutter.

The third test is the capacitance test. The samples that pass from the previous two
tests are tested with the impedance analyzer to measure the capacitances between
sense electrodes and the proof mass and between drive electrodes and the proof mass.
This test is also performed using the probe station. First, the probes are connected to
the impedance analyzer. Then, the probes are touched to the pads of appropriate
capacitances. Then, the impedance analyzer gives the capacitance value of the
appropriate capacitance. Moreover, sweeping the voltage between the pads forming
the capacitor, pull-in voltage of the sensor is extracted. The key point in these
measurements is the calibration step. Before taking any data, the calibration should

be done not to measure false values.

The last test is resonance frequency test. Figure 5.8 shows the test setup. This test is
also performed using the probe station. The sensor is driven with a varying
frequency AC signal from one end of the drive or sense electrode and then the output
is taken from the other end of the electrode. The magnitude and the phase of the

output shows the magnitude and phase response of the system. From this data, we
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can see that the peak value of the magnitude response, which corresponds to the

resonance frequency of the sensor.

Network
Analyzer
Q90
L
| Proof
AC input Mass Output

DC Bias

Figure 5.8: Resonance frequency test setup.

For SOIMUMPs and nickel electroplating process, capacitance and resonance
frequency tests can be performed, but for DRIE process, there is not any testable

sensor for these tests.

Figure 5.9-16 show the capacitance test results of each sensor. The capacitance
between the proof mass and the sense electrode increases with the applied voltage
across them. Hence, after the pull-in voltage, the proof mass sticks to the sense
electrode. Table 5-1 compares the designed pull-in voltages with the measured

values.

100



A: Cs SCALE 188 fF/div REF 1.1 pF 787.85

fF

B: Rs SCALE 58 mo/div REF -3.55 o
DCE
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Figure 5.9: Capacitance test result of accelerometer prototype-1. The pull-in voltage

is measured as 25 V.

A: Cs  SCALE 28 fF/div REF 585 fF 595,487 fF
B: Rs SCALE 58 ma/div REF -3.55 @

: : : : : : Z Wolt
DCE Cel
CHP

WVAC IAC VAIDC
STRRT @ Wolt Ch 28 kHz 05C 588 molt S5TOP 17 W

Figure 5.10: Capacitance test result of accelerometer prototype-2.
voltage is measured as 16V.
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A: Cs SCALE 28 fF/div EEF 828 fF 837.5849 fF
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Figure 5.11: Capacitance test result of accelerometer prototype-3. The pull-in
voltage is measured as 5.2 V.
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E: Es SCHLE 58 mosdiv REEF -3.55 a

: : : : : : : : 13 Mot
DCE : : : : : : : : : cel

CHP

DC BIAS ON

WA /
S5TART @ Valt CH z8 kHz 05C 588 mvolt 5TOP 7 VWolrt

Figure 5.12: Capacitance test result of accelerometer prototype-4. The pull-in
voltage is measured as 8.8V.
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H: Cs SCHLE 58 fF/div REF 1.15 pF 1.88832 pF
E: Rs SCALE 2 Gafdiv REF 2 ba

5 E E E : E : . 18 ol
DCB ; ; ; ; : ; : ; L el

CHP

: : : : - ‘DC BTAS: ON
YA —-- TRC -—- V7 IOC -—-
STRRT @ wolt OH 15 khz DSC 588 mvalt STOP 12 walt

Figure 5.13: Capacitance test result of accelerometer prototype-5. The pull-in
voltage is measured as 12V.

A: Cs  SCALE 28 fF/div REF 1.16 pF 1.15477 pf
E: Rs  SCALE 2 Gosdiv REF Z Gn

: : g wolt
LCE el
CHP

DC_BIAS ON
YWAIDE —---

WAC --- IAC --- £
START @ Wolt CH 15 kHz 03C SB8 mvolt STOP & Wolt

Figure 5.14: Capacitance test result of accelerometer prototype-6. The pull-in
voltage is measured as 10V.
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A: Cs SCALE S8 fF/div REF 88 fF
EF 55

==

235.729 fF

B: Rs SCALE 58 ma/div R

DCE

CHP

DC

15.94 Volt

BIAS: ON

WA
S5TART @ Valt CH 28 kHz 05C 588 mvolt

Figure 5.15: Capacitance test result of gyroscope prototype-1
measured as 19V.

A: Cs SCALE 28 fF/di REE 585 fF

==

VAID
STOP 18 Walt

. The pull-in voltage is

571.164 fF

B: Rs SCALE 58 ma/div R

DC

2 valt

BIAS: ON

WA
START B Volt CH 28 kHz 05C 5688 mvolt

WoID
STOP 28 Wolt

Figure 5.16: Capacitance test result of gyroscope prototype-2. The pull-in voltage is

measured as 24V.
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Table 5-1: The comparison of measured pull-in voltages with the designed values.

Calculated Measured
Sensor Process pull-in pull-in
voltage voltage
Accelerometer prototype-1 SOI 26 V 25V
Accelerometer prototype-2 SOI 13V 16V
Accelerometer prototype-3 SOI 3.0V 52V
Accelerometer prototype-4 Nickel 62V 8.8V
Accelerometer prototype-5 Nickel 10V 12V
Accelerometer prototype-6 Nickel 6.7V 10V
Accelerometer prototype-7 DRIE 71V -
Accelerometer prototype-8 DRIE 15V -
Gyroscope prototype-1 SOI 33V 19V
Gyroscope prototype-2 Nickel 50V 24V
Gyroscope prototype-3 DRIE 43V -
Gyroscope prototype-4 DRIE 92V -

Figure 5.17-22 shows the resonance frequency test result of designed accelerometers,
and Table 5-2 compares the test results with the designed values for capacitance and
resonance frequency tests. The upper and lower pictures in each figure show the
magnitude and phase response, respectively. The frequency value provided on top
right of the each display window shows the resonance frequency value of the sensor.
Theoretically, the magnitude response should make a sharp decrease after making a
peak value, and the phase response should decrease and stay at its low value.
However, theoretical magnitude and phase response cannot be obtained due to
parasitic effects. However, the resonance peak can still be observed clearly. We can
say that the fabricated sensors have very similar resonance frequency values as the
designed values and have a larger capacitance values due to fringing field
capacitances as the designed capacitance values as expected. Especially the
resonance frequency values of nickel electroplating accelerometers show that the
magnitude of shrinking of the mold photoresist in the exposure step is well
characterized and the Young’s Modulus of the electroplated nickel is well estimated
in the design section. However, the deformation of the mold photoresist due to
hardbake creates a small displacement in the original rest position of the proof mass
and creates a capacitance mismatch in nickel electroplate accelerometers. This

capacitance mismatch may cause nonlinearity and offset at the output of the hybrid
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connected accelerometer system because proof mass displacement due to external
acceleration will not create a symmetric capacitance difference for same magnitude,
different direction acceleration inputs. Considering the bandwidth issue and these
tests results, prototype-3 and prototype-5 are selected as the sensor element for the

hybrid connected accelerometer system prototypes.

CHI A/R loa MAG 2 dBf REF -G4 dB -58.629 dB
: : : : : : 31,3@5625 kHz

| LI PP
' .............
.......... 5'“'“'“'r'“'“'“5“'“'“'ﬁ'“'"'“'r'"'“'“5“'“'I)ﬁf“'f;(lljfifflﬁ“'(39¢
CHZ RA/R phuse 18 ¢/ REF 18 @ 7.9787 =
: : SO SO SOOIV SO 31.385625 kHz
..... : L RRL
ctoo|e. -

o DE - SOURGE - ON
IF BH 38 _Hz POLER 5 dBm SHP  23.59 sec
START 27 kHz STOP 35 kHz

Figure 5.17: Resonance frequency test result of accelerometer prototype-1. The
measured resonance frequency is 31.3 kHz. The upper and lower pictures
show the magnitude and phase response, respectively. The frequency value
shown on top right of the each display window shows the resonance
frequency value of the sensor. Theoretically, the magnitude response should
make a sharp decrease after making a peak value, and the phase response
should decrease and stay at its low value. However, due to parasitic effects
theoretical results cannot be obtained.
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CH1 AR/R  log MAG 2 dBf REF -68 dB -62.126 dB

[P PP SRR G 2.8 1125 kHE

Lo kRl

CHZ A/R  phose 18 °f REF 3@ © 25.178 =
: : : : : : : 12.51125 kHz

IF Bl 3@ Hz POHER 5 dEm SHP_ 23.59 sec
START 11 kHz STOP 16 kHz

Figure 5.18: Resonance frequency test result of accelerometer prototype-2. The
measured resonance frequency is 12.51 kHz.

CH1 ASR |log MAG 2 dBf REF -72 dE -BE.86 dB
g BARTE S Kz
L s kRl

CHZ A/R phose 28 °f REF @ © -2.56@3 °
: : : : : : : 3.646775 kHz

Cor
.......... DCSG ; : 'T~
IF Bl 38 Hz POLER 5 dEm SHP 23.59 sec
START 2 kHz STOP 5.7 kHz

Figure 5.19: Resonance frequency test result of accelerometer prototype-3.
Measured resonance frequency is 3.65 kHz.
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CH1 A/R  log MAG 5 dB/ REF -85 dE -71.412 dE
: : : : : : : i 2.5535 kHz

Cor
} ...............................................................................
.......... é_.”. : .._.”?._.“ : .”._én.” E -~-{)§3~-E§(I[JII(3{$~-()Pi
CHZ A/R  rhose 28 o REF 6@ © 36.829 @

7.5535 kHz

: : : : : : F-SOURCE - ON
IF BH 18 Hz POLER 3 dBEm SHP_ 94.69 sec
START 1.8 kHz 3TOP 3.2 kHz

Figure 5.20: Resonance frequency test result of accelerometer prototype-4.
Measured resonance frequency is 2.55 kHz.

CHI AR log MAG % dB/ REF -39 dE -72.241 dE
: : : : : 55 : Z.8%17 kHz

.......... 3;;m5mmjmmm¢mmm?mmgmmD¢mSGMRGEmgN

CHZ A/R  phuse 2@ °f REF 4@ = 5.3786 °
: : : : : : : 2.8%17 kHz

(" SOURCE-ON

IF BH 18 Hz POWER 3 dBm SHP  94.69 sec
START 1.5 kHz 35TOP 2.5 kHz

Figure 5.21: Resonance frequency test result of accelerometer prototype-5.
Measured resonance frequency is 2.09 kHz.
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CH1 A/R IDQ MAG 2 dBf REF -G2 dB -75.717 db

T SO T SR B 12 4BLTE KHE

.......... DCSGURCE ON

A/R phuse 1@ °f REF 4@ = 49,223 @

1. 431?5 kHz

.......... DCSG‘URCE ON
IF BH 1@ Hz PDHER 1 dBm SHP 94,89 sec
START 1 kHz STOP 2 kHz

Figure 5.22: Resonance frequency test result of accelerometer prototype-6.
Measured resonance frequency is 1.48 kHz.

Table 5-2: Comparison of capacitance and resonance frequency test results with the
designed values for the designed accelerometers.

Calculated Measured
Calculated Measured
Prototype | Process Resonance | Resonance
Sense Cap. | Sense Cap.
Frequency | Frequency
1 SOI 2 x 520 fF 750 {F 31.5kHz 31.3kHz
2 SOI 2 x 415 fF 620 fF 11.1 kHz 12.5 kHz
3 SOI 2 x 520 fF 750 fF 3.73 kHz 3.65 kHz
4 Ni 2 x 557 fF 800 fF 2.66 kHz 2.55kHz
5 Ni 2 x 696 fF 920 {fF 2.05 kHz 2.09 kHz
6 Ni 2 x 696 fF 900 fF 1.54 kHz 1.48 kHz
7 DRIE 2x5.12 pF - 297 kHz -
8 DRIE 2x10.5 pF - 2.76 kHz -

For the gyroscopes, the resonance frequency test is done for both drive and sense
modes. For nickel electroplated gyroscopes, the sensor is connected to a unity gain
buffer circuitry and then the resonance frequency test is performed. This unity gain

buffer increases the signal level to reasonably high values. However, in SOIMUMPs
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gyroscopes, the tests are done without connecting buffer circuits. Figure 5.23-26
gives the results of resonance frequency tests of drive and sense mode of designed
gyroscopes. For the capacitance test, the gyroscopes are connected to impedance
analyzer with the help of probe station. However, for SOIMUMPs gyroscopes, due
to the broken comb fingers reasonable results are not expected. Table 5-3
summarizes the capacitance and resonance frequency test results for gyroscopes and
compares these results with the designed values. The measured resonance
frequencies are very similar to the designed values. For the capacitance values, the
results are larger than the calculated values due to fringing field capacitances as

expected. For DRIE samples, there is no testable gyroscope sample.

CH1 A/R  log MAG 5 dBf REF -78 dB -74.87 dE
: : : : : : : 14, 35?5 kHz

Cor R IO

.......... é”'”'”'é'”'”'”'?'””'”'?'”'”'”?'”'”'”é”'”'I)(:”'E;()IJ[{(:IE”'()Pq

CHZ A/R phuse 5@ °,.-’ REF -5@ = -172.25 =
: : : S14, 35?5 kHz

ERLORD. B IHedT. . R : RS

.......... DCSGURCEGN

IF Bl 38 Hz PDHER 3 dBm SHP 23, 54 SEC
START 13.5 kHz STOP 16 kHz

Figure 5.23: Resonance frequency test result of the drive mode of prototype-1, which
is the SOIMUMPs gyroscope. The measured resonance frequency is 14.87
kHz. In the drive mode of the gyroscope, theoretically the magnitude
response makes a step instead of a peak, and the phase response makes a peak
instead of a step. This is due to the configuration of the drive mode
capacitances. In this figure, the phase response indeed makes a peak;
however, this peak cannot be observed clearly due to 360° phase change.
This is a display error due to network analyzer. One of the reasons for this
error is low capacitance values due to process limitations and broken sense
comb fingers.
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CH1 AR lod MAG 5 dB/ REF -7@ dB -57.275 dB

Cor |CAUTIGON:. OVERLOAD..EM. IHEL
' .......................
.......... DCSOURCEON
CHZ A/R  phose 5@ °/ REF -5@ ° -16.327 »
,,,,,, : S U : ... £4.549375 kHz
Cor
'..
................. L G PE-- SOURCE - ON

IF Bl 38 Hz POMER 3 dBm SHP _ 23.54 sec
START 13.5 kHz STOP 16 kHz

Figure 5.24: Resonance frequency test result of the sense mode of prototype-1. The
measured resonance frequency is 14.65 kHz. Sense mode magnitude/phase
response is similar to that of the accelerometers.

CHI AR log MAG 1 dB/ REF -41 dB -4, 6 db
: : : : : : L B.22175 kHz

Cor |-

.......... DCSOURCEON

CHZ AR phase 18 =/ REF 4@ ¢ GE. 633 *

.......... DCSOURCEOW
IF_BW 5@ Hz POMER @ dBm SP23.59 sec
START 5.7 kHz STOP 6.7 kHz

Figure 5.25: Resonance frequency test result of the drive mode of prototype-2, which
is a nickel gyroscope. The measured resonance frequency is 6.22 kHz. The
response is clearer than the response of SOIMUMPs sample, because this
sample has more sense capacitance and is connected to a buffer circuitry
which improves the output response.
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CH1 AR log MAG

5 dBs REF -48 dB

-28.282 db

© B.27875 kHz

.......... DCSGURCEGN

CHZ R/R  phose

Z8 °/ REF 8@ °

§2.752 °

POLER & dBEm

. B.27875 kHz

SHP 23,54 sec

IF BH 38 Hz
START 5.8 kHz

STOP 6.8 kHz

Figure 5.26: Resonance frequency test result of the sense mode of prototype-2. The
measured resonance frequency is 6.27 kHz.

Table 5-3: Capacitance and resonance frequency test results for the designed
gyroscopes and comparison of these test results with the designed values.

Parameter Prototype-1 | Prototype-2 | Prototype-3 | Prototype-4

Process SOIMUMPs | Nickel DRIE DRIE
electroplating

Calculated drivemode |5 o5y 1y | co7kHz | 657kHz | 6.57kHz
resonance frequency
Measured drive mode 14.87 Kz 6.22 kHz i i
resonance frequency
Calculated sense mode |5 5641 | 6 05 11z 6.54 kHz 6.54 kHz
resonance frequency
Measured sense mode 14.65 kHz 6.27 kHz i i
resonance frequency
Calculated sense 153 fF 363 fF 1.97 pF 2.36 pF
capacitance
Measqred sense 240 {F 450 fF i i
capacitance

112




5.3 Open Loop Tests of Accelerometers and MS3110 Readout
Circuitry Hybrid System

Accelerometer prototype-3 and prototype-5 are selected for the sensor element of the
hybrid system. The aim of these prototypes is to form an accelerometer system that
satisfies the goals of this study. Hence, the prototypes should have bias circuitries,
sensor part, MS3110 readout part, and amplifier stages that bring the output signal to

desired levels.

Figure 5.27 shows the first generation hybrid accelerometer system that uses
accelerometer prototype-3 and MS3110 readout circuitry, and Figure 5.28 shows the
block diagram of this prototype. MS3110 is a switched-capacitor integrator type
differential open-loop capacitive readout circuit. The circuit generates the clock
signals necessary for the reading of capacitance mismatch due to external
acceleration input, and then converts this capacitance mismatch to voltage with the
help of a switched capacitor integrator. Next, the circuit eliminates high frequency
component of the signal with a Low-Pass-Filter (LPF), and finally amplifies the
resultant signal. The pole of this LPF is 500 Hz, and this pole determines the total
3dB bandwidth of the system, because the 3dB bandwidth of the accelerometer is
nearly its resonance frequency. The bias voltages required for MS3110 circuit, and
amplifier stages to adjust the voltage gain of the system is not provided with the first
generation hybrid system, but these circuitries can be constructed, and the bias

voltages can be supplied externally.
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Figure 5.27: First generation hybrid accelerometer system that uses accelerometer
prototype-3 and MS3110 readout circuitry.

Accelerometer MS3110 Model

recsccccanccsccccancccccccancanacacann

Figure 5.28: Block diagram of the first generation hybrid system. The system is
composed of the accelerometer and MS3110 switched-capacitor integrator
type differential capacitive readout circuit. The pole of low-pass-filter (LPF)
also determines 3dB bandwidth of the system.
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The hybrid system is tested with an index table with 1° resolution in the test facilities
of ASELSAN and TUBITAK-SAGE. The results of this test give the nonlinearity
and the sensitivity of the sensor. Figure 5.29 shows the result of this test indicating
22.2 mV/g sensitivity and 0.1 % nonlinearity. The sensitivity value can be increased
with amplifier circuitries but the resolution cannot be improved due to the fact that
the amplifiers will also amplify the noise levels. Hence the performance of the
hybrid system can be understood with the noise test. The noise test is done with a
spectrum analyzer. Figure 5.30 shows the result of the noise test indicating a
17.75 pV/\/Hz average noise level. The noise level is expresses in g/\/Hz by dividing
voltage noise level to sensitivity of the sensor. Hence, the average noise level of the
hybrid system is found as 799 ug/NHz. The peak noise is also measured and found
as 1.8 mg/\/Hz. The noise level is not satisfactory for the design goals. Hence, the

construction of bias and amplifier circuitries is not realized for this sensor.

o
o)
s
S = -0.0222x + 2.1503
=199 R? = 0.9991
2.14 -
2.135 -
2.13 -
I T 2125 I I
1.5 -1 0.5 0 0.5 1 1.5

Acceleration (g)

Figure 5.29: The results of index table tests showing nonlinearity and sensitivity of
the first generation hybrid accelerometer system. The system shows less than
0.1 % nonlinearity and 22.2 mV/g sensitivity.
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Figure 5.30: Noise test result of first generation hybrid accelerometer system.
Average noise level is found as 17.75 pV/NHz which corresponds to
799 ug/VHz. Peak noise floor is measured as 1.8 mg/VHz.

Table 5-4 gives the comparison of measured and calculated noise levels of the hybrid
system. The total noise of the system has two components: mechanical and electrical
noise. The theoretical mechanical noise can be calculated using Brownian Noise
expression [26], and the electrical noise estimation can be done checking MS3110
datasheet. However, in the MS3110 datasheet, the electrical noise expression is
given as “Input Capacitance Resolution,” but it is not clear whether this capacitance
resolution is single-ended or differential. Therefore, the calculation of electrical
noise changes if the capacitance resolution provided in MS3110 datasheet is single-
ended or differential. Table 5-4 gives the electrical noise estimation for both single-
ended and differential case. However, the noise simulation results show that the

given capacitance resolution should be single-ended.
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Table 5-4: Comparison of measured and calculated noise levels of the first
generation hybrid system. There are two different electrical noise, and hence
total noise calculations. This is due to the electrical noise expression given in
MS3110 datasheet. The electrical noise is expressed as “Input capacitance
resolution” but it is not clear whether this resolution is single-ended or
differential. However, the measured noise floor show that the resolution
provided in the datasheet should be single-ended.

Parameter Value
Calculated mechanical noise 71 ug/NHz
Calculated electrical noise if the resolution data provided in 789 uo/NHz
MS3110 datasheet is single-ended capacitance resolution. HE
Calculated electrical noise if the resolution data provided in 391 ue/NHz
MS3110 datasheet is differential capacitance resolution. HE
Calculated total noise if the resolution data provided in 735 uo/NHz
MS3110 datasheet is single-ended capacitance resolution. HE
Calculated electrical noise if the resolution data provided in 397 uo/NHz
MS3110 datasheet is differential capacitance resolution. HE
Measured total average noise 799 pug/NHz
Measured total peak noise 1.8 mg/NHz

The second generation hybrid accelerometer system is constructed using prototype-5
and the MS3110 commercial readout circuitry. Unlike the previous hybrid system,
this system has bias and amplifier circuitries additional to sensor and readout part.
Figure 5.31 shows the picture of this hybrid system, and Figure 5.32 shows the block
diagram of this system. The index table test is done to find the nonlinearity and the
sensitivity of the system, and also the sensor is put into a rate table to extract these
values under higher acceleration values. Figure 5.33 shows the index table test result
of the second generation hybrid system and Figure 5.34 shows the results of rate
table test. These tests show that the system shows less than 0.3 % nonlinearity even
under high acceleration values and an almost 1 V/g sensitivity value. Moreover, the
noise level of the system is tested with a spectrum analyzer and 228 uV/\/HZ, which
corresponds to 228 pg/\/Hz average noise floor and 375 pg/\/Hz peak noise floor, is

achieved. Figure 5.35 shows the result of the noise test of the second generation
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hybrid system. The scale factor asymmetry is also extracted as 2.58 % from the

nonlinearity test results.

Figure 5.31: The second generation hybrid accelerometer system. This system uses a
nickel accelerometer, and has bias circuitries and amplifier stages additional
to first generation hybrid system.
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Figure 5.32: The block diagram

bias voltages to appropriate circuit blocks.
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of second generation hybrid system. The
instrumentation amplifier eliminates the DC offset of MS3110 and provides
the necessary voltage gain. Bias voltage generator provides the necessary
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Voltage (V)
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Figure 5.33:. Test results of second generation hybrid system using index table. The
system shows less than 0.1 % nonlinearity and almost 1 V/g sensitivity for
acceleration inputs in the range of £ 1g.

Voltage (V)

Acceleration (g)

Figure 5.34: Test results of second generation hybrid system using rate table. The
system shows less than 0.3 % nonlinearity and almost 1 V/g sensitivity for
high acceleration inputs. The device is able to be tested in a range of (-3g, 6g)
acceleration inputs.
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Figure 5.35: Noise test results of the second generation hybrid accelerometer system.
Average noise level is 228 uV/VHz corresponding to 228 ug/NHz, and peak
noise floor is measured as 375 pg/NHz.

Table 5-5 gives the comparison of calculated and measured noise levels of second
generation hybrid accelerometer system. Similar to the case in the first generation
hybrid system, two different electrical noises are calculated considering the
uncertainty in the electrical noise expression of MS3110 circuit. The single-ended
resolution estimation yields a closer noise level. Moreover, considering that the
noise level provided in MS3110 datasheet is a conservative value, the single-ended

resolution estimation will yield much better total noise estimation.
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Table 5-5: Comparison of calculated and measured noise levels of second generation
hybrid system. Two different electrical noises are calculated similar to the
case of first generation hybrid system. Single-ended resolution estimation
yields a closer total noise estimation.

Parameter Value
Calculated mechanical noise 12.7 pg/NHz
Calculated electrical noise if the resolution data provided in 292 uo/NHz
MS3110 datasheet is single-ended capacitance resolution. HE
Calculated electrical noise if the resolution data provided in 146 we/NHz
MS3110 datasheet is differential capacitance resolution. He
Calculated total noise if the resolution data provided in 292 uo/NHz
MS3110 datasheet is single-ended capacitance resolution. HE
Calculated electrical noise if the resolution data provided in 147 ue/NHz
MS3110 datasheet is differential capacitance resolution. HE
Measured total average noise 228 ng/NHz
Measured total peak noise 375 ng/NHz

The bias drift of this hybrid system is also tested. For this purpose, the system is
turned on for 3 hours and the output is monitored with 4 samples/sec data rate. Then
this test is repeated for three times. Figure 5.36 shows the result of this bias drift test.
From the test results, we can observe that the sensor has two kinds of bias drift value.
First one is “Run-to-run Bias Drift” and the second one is “Long-Term Bias Drift.”
The run-to-run bias drift value is the maximum change of the bias value for each
start-up of the system. Taking the maximum average bias difference, it can be
concluded that the run-to-run bias drift of the sensor is 16.6 mV corresponding to
16.6 mg. The long-term bias drift is the maximum change of the sensor output with
time. From the measured data, we can say that the sensor output makes an overshoot
for 15-30 minutes, and then settles. This overshoot is probably due to the warming
of bias and amplifier circuit parts. If we ignore this overshoot, we can extract the
long-term bias drift as the maximum long-term bias drift of each measurement as

19 mV, corresponding to 19 mg.
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Figure 5.36: Bias drift test result of second generation hybrid accelerometer system.
The maximum average bias difference gives the run-to-run bias drift, and the
maximum long-term bias drift of each test result gives the long-term bias drift
of the system. The measured run-to-run bias drift and long-term bias drift of
the sensor are found as 16.6 mV and 19 mV corresponding to 16.6 mg and 19
mg, respectively.

The final tests performed on the second generation hybrid system are cross-axis
sensitivity tests and temperature sensitivity test. Table 5-6 provides cross-sensitivity
test results. For cross-axis sensitivity test, the system is given +lg, and -lg
acceleration along its cross axes. The test results show that the cross-axis sensitivity
of the system is negligibly small. For temperature sensitivity test, the system is put
into an oven. Then the temperature is swept from -40°C to +40°C and then +40°C to
-40°C. Figure 5.37 shows the results of temperature test. The results show that the
system output to temperature change can be predicted and compensated with external
electronics. However, it can also be observed that the output do not have exactly the
same value at the same temperature value for increasing and decreasing temperature

case. The reason for this result is probably the potentiometers used in the system,
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and also the socket that the accelerometer is placed. The resistance value of
potentiometers changes with temperature and probably does not come to its original
value exactly, and changes the output. Also the legs that connects the accelerometer
to its socket are affected by the temperature change and do not preserve their original
position. This position change causes an axis misalignment and changes the output.

A better packaged system will have lower errors.

The resolution is the primary performance criteria for accelerometers, and the
resolution of the accelerometer is determined by the noise floor of the hybrid
accelerometer system. The noise level of the system is determined by both
mechanical and electrical noise and in nowadays sensors the main limitation for the
accelerometer systems comes from the electrical noise. Table 5-7 summarizes the
properties of the second generation hybrid system. It also shows the mechanical and
total noise floor of the system indicating the importance o the readout circuit part.
The sensor resolution performance is mainly limited by the electrical noise. With a
lower noise electrical circuitry, a higher performance accelerometer system can be

achieved.

Table 5-6: Cross-axis sensitivity test results of second generation accelerometer
system. The sensitivity values are negligibly small.

Z-axis y-axis
+1 g acceleration input -55 mV -50 mV
-1 g acceleration input -60 mV -53 mV
Cross-axis sensitivity 2.5mV/g 1.5mV/g
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Figure 5.37: The output variation due to temperature change for the second
generation accelerometer system. The output does not have exactly the same
value at the same temperature value for increasing and deceasing temperature
case. This error can be minimized with better packaging and with eliminating

potentiometers in the system.

Table 5-7: The properties of second generation hybrid accelerometer system.

Voltage supply +12V
Total dimensions 12cmx12cm
Sensitivity (for (-3g, 6g) acceleration range) 1.02 V/g
Nonlinearity (for (-3g, 6g) acceleration range) 0.23 %
Mechanical noise floor 12.7 ug/\/Hz
Total average noise floor 228 pg/ VHz
Total peak noise floor 375 ng/ VHz
Run-to-run bias drift <16.6 mg
Long-term bias drift <19mg
Expected operation range +10g
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5.4 Summary and Discussion of the Fabrication and Test Results

The designed accelerometers and gyroscopes are fabricated using three different

fabrication processes. For SOIMUMPs and nickel electroplating processes, working

accelerometer and gyroscope samples are achieved but for DRIE process, due to the

continuing optimization of the process, a working accelerometer or gyroscope

sample cannot be realized. After the fabrication, all the necessary basic tests are

done for each accelerometer and gyroscope sample, and for high performance

accelerometer samples, two hybrid accelerometer-readout circuit systems are

constructed and tested. This section gives the fabrication and tests results and

suggests future tests.

For SOIMUMPs process, the samples are released and then diced. Due to
the shocks during the dicing operation, the gyroscope samples are
severely damaged. However, the accelerometers have thicker critical
dimensions than the gyroscopes; hence we do not encounter any damage

in the accelerometers.

For nickel electroplating process, the samples turned out to be just as we
have expected. The formation of the mold photoresist is the critical
fabrication step in this process, and with the knowledge gained from
previous studies, we have almost perfectly characterized the shrinking of
the photoresist in the exposure step. Hence, the fabricated sensors have
almost the same resonance frequency values as we have calculated in the
design period. However, the photoresist is also deformed in the hardbake
step. This deformation cause capacitance mismatches, hence nonlinearity

in the sensor and also may cause bias drift problems.

For the DRIE process, we have not achieved any working sensor due to
continuing optimization of the process. The wide openings are etched
away very early then the small openings and this cause notching effect in

the wide openings or unfinished etch regions in the small openings.
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Stiction, short circuit, sense capacitance, and resonance frequency test is
performed for every working accelerometer and gyroscope sample. The
resonance frequency tests results show that the fabricated sensors have
very similar resonance frequencies as the designed values. This fact
proves that the characterization of the process is well done in the design

period.

First generation hybrid accelerometer system is constructed using
MS3110 commercial readout circuitry and a high performance
SOIMUMPs accelerometer. This hybrid system consists of the sensor
and the readout part only, however the bias and the amplifier circuits can
be connected externally. This hybrid system is tested in the index table
for sensitivity and nonlinearity, and also noise test is performed using a
spectrum analyzer. The system shows 22.2 mV/g sensitivity with less
than 0.1 % nonlinearity. The average noise floor and the peak noise floor

of the system are measured as 799 ug/\/HZ and 1.8 mg/\/Hz, respectively.

Second generation hybrid accelerometer system is constructed using high
performance nickel electroplated accelerometer sample. This hybrid
system consists of sensor part, MS3110 readout circuit, bias circuitry, and
amplifier stages. The system is tested in the index table for nonlinearity
and sensitivity values. Moreover, the system is put into a rate table to
perform nonlinearity and sensitivity values for high acceleration values.
Noise test is performed using a spectrum analyzer, and bias drift tests are
using a computer connected multimeter. The tests show that the
accelerometer has 1.02 V/g sensitivity with less than 0.3 % nonlinearity.
The senor also has 228 ug/\/Hz average noise floor and 375 ug/\/Hz peak
noise floor. Run-to-run bias drift and long-term bias drift of the sensor

are found as 16.6 mg and 19 mg, respectively.
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CHAPTER 6

CONCLUSION AND SUGGESTIONS FOR FUTURE
RESEARCH

MEMS IMUs consisting MEMS accelerometers and gyroscopes started to appear in
the market as effective and low prize solutions to inertial sensor applications.
Capacitive MEMS accelerometers and gyroscopes started to dominate MEMS
inertial sensor market with their high linearity, high sensitivity, low temperature
dependency, low noise, and low cost. This study aims to achieve low cost, high
performance accelerometer and gyroscope prototypes for some military and

commercial use IMUs, using three different fabrication techniques.
The research done during this study can be summarized as:
1. Several accelerometer topologies are investigated and the best topology
accelerometer is selected as the sensor topology. Moreover a new symmetric

and decoupled (SYMDEC) gyroscope topology is proposed. The simulations
of these topologies are done using MATLAB and COVENTORWARE.

127



2. 8 accelerometer prototypes and 4 gyroscope prototypes are designed for three
different fabrication processes. The designs are verified with MATLAB and
COVENTORWARE simulations. The mask designs for the fabrication

Processes are done.

3. The nickel electroplating process fabrication and majority of DRIE process
fabrication steps are realized. SOIMUMPs process is realized CRONOS Inc.,
which is a commercial firm. Stiction, short circuit, sense capacitance, and
resonance frequency tests are performed for each accelerometer and
gyroscope sample, and high performance working accelerometer samples are

selected.

4. Using two different accelerometer prototypes, two different hybrid systems
are constructed using the accelerometer sample and MS3110 commercial
capacitive readout circuit. Sensitivity, nonlinearity, and noise test is
performed for both two prototypes. The second generation accelerometer is
also tested for bias drift values, and nonlinearity and sensitivity under high
acceleration inputs. This hybrid system satisfies the design goals with its
compact structure having bias and amplifiers included. Table 6-1 gives the
comparison of the design goals and the achieved accelerometer performance
values. Sensitivity and nonlinearity goal is provided by ASELSAN. The bias
drift goal is appropriate for some control applications in some commercial
applications. Noise floor goal enables the accelerometer to be used for some

control applications in some military and consumer applications.

5. A symmetric and decoupled gyroscope topology is realized. The resonance

frequency test of this gyroscope is done with connecting a unity gain buffer.
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Table 6-1: Comparison of design goals and achieved accelerometer performance

values.
Parameter Performance Goal Achieved
Supply Voltage +12V +12V
Sensitivity 1 V/g 1.02 V/g
Noise Floor 500 pg/NHz 375 pg/NHz *
Nonlinearity 1 % 0.23 %
Bias-drift 20 mg 16.6 mg, 19 mg * *

* The total peak noise floor.

*We have found two kinds of bias drift as run-to-run and long-term bias drift. Each
bias drift component is lower than 20 mg.

In addition to these achieved work, also some other future work can be suggested for

the development of micromachined accelerometers and gyroscopes.

For the nickel electroplating process development, a new mask set should be
prepared. This mask set should separate the bulky mold photoresist regions
from the critical dimensions of the sensors. This separation will prevent the
mold photoresist deformation in the hardbake step to affect the critical
structural regions of the sensors. Hence, a lower drift, with lower capacitance

mismatch sensors can be realized.

For the DRIE process development, a new mask set should be prepared. In
this mask set, the openings for DRIE etch regions should have very similar
widths. Hence, the etching will finish in every part of the sensor at the same

time.

For the accelerometer prototype construction, SMD components can be used
to occupy smaller area. Also a vacuum or inert gas packaging can be
considered. If the SMD components can also be put into the same package,
very small but well protected accelerometer system prototypes can be

realized.
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4. A low noise open-loop or closed-loop capacitive readout circuits for
accelerometers can be designed and fabricated. As it can be seen from the
test results of the hybrid accelerometer system, the system performance is
mainly limited by the electronic noise. With a better electronic circuitry than

MS3110, higher performance accelerometer hybrid systems can be realized.

In conclusion, the most important contribution of this work is construction of an
accelerometer system that is composed of a MEMS accelerometer, a readout circuit,
bias circuitries for this readout circuit, and external amplifier electronics. This
system is the highest performance accelerometer system developed in Turkey. In
addition, asymmetric and decoupled gyroscope topology is proposed and its
operation is verified. The fabrication processes that are currently used in METU
facilities are also improved with the gained knowledge and experience. It is hoped
that this work will be an important step in developing tactical and inertial grade

IMUs in METU.
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